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SUMMARY 


f^r Of the Pollution Reduction Technology Program 

for Small Jet Aircraft Engines are to identify technological 

Significantly reduce exhaust emissions of 
tMo aircraft engines, and to demonstrate 

this technology through combustor-rig and full-scale engine 
testing. The emission goals for this program are the 1979 emis- 
sions standards specified on July 17, 1973 for Class Tl airlift 

(turbojet and turbofan engines of less than 
the Environmental Protection Agency (Ref. 1)? 
Th®se standards are formulated over an operating cycle that 
includes taxi-idle, approach, climbout, and takeoff power 
settings. Unburned hydrocarbons (HC) , carbon monoxide (CO) f and 
oxides of nitrogen (NOx) levels are measured at each of these four 
settings, and a time-in-mode factor is applied for each power 
level. These terms ate then added together for each pollutant to 
arrive at a term referred to as the EPA parameter (EPAP) . The 
maximum EPAP's allowable under the 1979 EPA standards, as estab! 
lished on July 17, 1973 for Class T1 engines, are shown below; 


Pollutant 


Unburned hydrocarbons 
Carbon monoxide 
Oxides of nitrogen 


EPAP 

(Ib/IQQO lb thrust-hr /cycle) 
1.6 
9.4 
3.7 


The program has been conducted in three phases. Phase I was 
a 19-month program in which three distinct combustion system con- 
cepts, and their subsequent modifications, were tested in a full- 
annular combustion rig. The designs were applicable to the 
AiResearch Model TFE731-2 Turbofan Engine, and the rig duplicated 
the engine aerodynamics except for compressor exit swirl. Six 

three concepts were evaluated in screening 
tests to Identify those configurations with the greatest potential 
for reducing carbon monoxide, unburned hydrocarbons, oxides of 
nitrogen, and smoke to levels that would meet the program goals. 

^^^se II, a 24-month program, the two best concepts iden- 
tified from Phase I underwent continued refinement in the combus- 
tion test rig. The purpose of this testing was to ensure attain- 
ment of combustion system performance consistent with overall pro- 
engine mechanical and functional compatibility. In 
addition to the rig testing, two brief engine tests were conducted 
to correlate engine and rig emission results. 


Phase III was a 29-month effort in which the variable- 
geometry (Concept 2) combustion system underwent full-scale 
engine tests. These tests were quite extensive and involved emis- 
sion sampling and performance measurements at power settings from 
sub-taxi-idle to takeoff, in addition to this steady-state test- 
ing, acceleration and deceleration tests were performed to 
determine engine transient characteristics with the new combustion 
system. These tests were also duplicated using an Experimental 
Referee Broad Specification (ERBS) fuel as an addendum to the 
original program. Prior to the engine test, the Concept 2 engine 
hardware underwent a limited amount of rig testing to ensure 
engine compatibility. Rig tests were also performed on the staged 
injection (Concept 3) configuration to further develop this 
approach for emissions reduction. This report covers the results 
of this Phase III testing. 

Significant emissons reductions were achieved with the Con- 
cept 2 variable geometry system in the TPE731-2 engine as shown in 
Table I. However, the simultaneous reductions for all pollutants 
could not be achieved in the same hardware configuration. Primary 
emphasis was placed upon meeting the HC and CO goals while mini- 
mizing NOx* The table shows the configuration that met the HC and 
CO goals resulted in NOx levels considerably above the goal. 
However, earlier tests had NOx levels only slightly above the 
goal, but CO was also above the goal, while HC was below the goal. 
It is likely that a more optimum NOx-CO compromise could be 
achieved if modifications beyond the scope of the program could be 
made to control the primary zone cooling and/or dilution airflows 
by using a more complex variable geometry system. 

This additional airflow control would increase the difference 
between the combustor primary zone equivalence ratios at taxi-idle 
and takeof power, and reduce quenching of the reaction at taxi- 
idle due to increases in cooling air flow when the swirler valves 
are closed. 

Concept 2 had acceptable pattern factor levels (<0.20), met 
the Federal Aviation Regulation (FAR) acceleration/deceleration 
requirement, met the smoke goal, and operated satisfactorily in 
the engine. 

The Concept 3 staged combustion system rig testing results 
met all the program emission goals, as shown below. It is 
expected that further reductions could be achieved through addi- 
tional optimization of the combustion staging. 
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TABL3 I. COMBUSTOR CONCEPT AND POLLUTANT LEVELS. 


\ 


Configuration 

EPAP 

Lb/1000 Lb Thrust 

Hr S/Cycle 

HC 

CO 

■mi 

Concept 2 Engine 




Test (Best CO) 

0.20 

9.20 

5.06 

Concept 2 Engine 




Tesw (Best NO^) 

0.50 

11.30 

3.90 

Concept 3 Rig Test* 

0.50 

8.40 

3.50 

Program Goals 

1.60 

9.40 

3.70 



*Reduced pressure at takeoff condition. Pressure, tem- 
perature, and humidity corrections applied (as applic- 
able) to HC, CO, and NOx • No corrections aoplied to 
smoke number . 









INTRODUCTION 


The Pollution Reduction Technology Program for Small Jet Air- 
craft Engines was initiated by NASA in December 1974. The overall 
program objective was to evolve and demonstrate the advanced com- 
bustor technology required for the development of EPA Class T1 
engines (less than 35.6 kN thrust) to meet aircraft emissions 
standards. Accordingly, the primary goals of the program involve 
significant reductions in emissions of carbon monoxide, total 
unburned hydrocarbons, and total oxides of nitrogen. Reductions 
in exhaust smoke were also sought; while other combustion perform- 
ance parameters such as pressure loss, exit temperature, pattern 
factor, and ignition and relight capability were to be maintained 
at acceptable levels. 

The underlying motivation for this program emanated from 
public concern for the mounting dangers of air pollution as 
expressed by Congress in the Clean Air Act Amendments of 1970. In 
compliance with this legislation, the EPA published standards for 
control of ait pollution from aircraft engines on July 17, 1973 
(Ref. 1) that would have requited significant reductions in 
exhaust emissions from Class T1 engines by January 1, 1979. Con- 
certed efforts on the part of the general aviation industry and 
various government agencies showed the standards to be unachiev- 
able by means of design modifications to existing engine compo- 
nents (Ref. 2). Instead, the attainment of emission levels as 
required by the EPA Standards were considered to depend on the 
successful development of advanced combustor design concepts, such 
as those resulting from the NASA Pollution Reduction Technology 
Program and the Experimental Clean Combustor Program. 

In March of 1978, the EPA proposed revisions to its emissions 
standards that would remove emissions regulations for turbojet and 
turbofan engines of less than 27.0 kN thrust. While the 
AiResearch Model TFE731-2 engine falls within this exempt cate- 
gory, the need for technology gained from this Pollution Reduction 
Technology Program using the Model TFE731-2 engine as a test 
vehicle will be applicable and valuable to larger engines that are 
still regulated. This technology will particularly address the 
needs of engines in the 27.0 to 35.6 kN thrust class, which are 
within the T1 engine classification and still subject to emissions 
regulations. 

The Pollution Reduction Technology Program for Small Jet Air- 
craft Engines has been conducted in three phases: Phase I - 
Combustor Concept Screening, Phase II - Combustor Compatibility 
Testing, and Phase III - Combustor Engine Testing. The program is 
based on the use of the Model TFE731-2 combustion system, which is 
an annular reverse-flow type common to several current production 
engines in the T1 category. 
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The results of Phase III combustor engine testing are 
described in this report, in this phase, the Concept 2 variable- 
geometry airblast fuel injection concept, which was selected from 
testing in previous phases, was installed in the Model TFE731-2 
demonstrator engine and subjected to a series of tests. These 
tests established the steady-state performance and emissions char- 
acteristics of the engine with the selected combustion concept at 
the landing-takeoff cycle points and transient engine operation. 
In addition, the secondary selected combustion concept from pre- 
vious phases (the Concept 3 staged configuration) was subjected to 
further rig-test evaluation in Phase III. This concept, which 
will require extensive rig development before being ready for 
engine testing, was continued into Phase III because of its demon- 
strated potential in obtaining dramatic reductions in all pollu- 
tants. 

The total Class T1 Pollution Reduction Technology Program is 
described in Chapter I. The equipment and procedures used in the 
Phase III program are described in Chapter II. Combustor test 
results and pertinent discussion are presented in Chapter III. 
Appendixes to the report list combustor hole patterns and experi- 
mental test results. 




CHAPTER I 


POLLUTION REDUCTION TECHNOLOGY PROGRAM FOR SMALL JE 
AIRCRAFT ENGINES - PROGRAM DESCRIPTION 


A, - GENERAL DESCRIPTION 

The Pollution Reduction Technology Program for Small Jet Air- 
craft Engines (EPA Class T1 turbojet and turbofan engines of less 
than 35.6 kN thrust) is a multiyear effort initiated by the NASA- 
Lewis Research Center in 1974, and completed in 1980. The overall 
program objectives were to; 

o Identify technology capable of attaining the program 
emissions-reduction goals consistent with performance 
constraints. 

o Screen and develop configurations employing the tech- 
nological advancements through full-scale rig testing. 

o Demonstrate the most promising approaches in full-scale 
engine testing. 

The AiResearch Model TFE731-2 Turbofan Engine combustion sys- 
tem was selected for the development effort. It is expected that 
the emissions-control technology derived from this program will be 
applicable to other engines within the T1 Class, and possibly to 
other classes as well. It is also anticipated that the results of 
this program may suggest additional designs or techniques that 
will merit further evaluation for other specific engine applica- 
tions or research programs. 

B. - PROGRAM GOALS 

The program goals for emissions levels were the Environmental 
Protection Agency 1979 standards for T1 Class engines. The 
required reductions of unburned hydrocarbons (HC) , carbon monoxide 
(CO) , and the oxides of nitrogen (NO ) , were of sufficient magni- 
tude to necessitate advancements iiv the state-of-the-art. The 
smoke and performance goals for the program were approximately the 
same levels as those attained on current Model TFE731-2 engines. 
The emissions goals were to be achieved without compromise to com- 
bustor performance parameters, durability, or existing envelope 
constraints. 

1. Emissions Goals . - The emissions goals for this program 
were the EPA Class Tl requirements specified on July 17, 1973 for 
new aircraft gas turbine engines manufactured after January 1, 
1979 (Ref. 1). The goals for the individual emissions constituents 
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and average levels measured on production engines are listed In 
Table II, and are based on the simulated landing-takeoff (LTO) 
cycle shown In Table III. 




* 



Emissions Indexes (KI) , expressed as grams of pollutant per 
kilogram of fuel burned, that approximately correspond to the EPA 
gaseous emissions standards for Class T1 engines at specific oper- 


ating conditions are: 
Pollutant 

Operating 

Condition 

Emissions indexes, 
g/kg fuel 

HC 

Taxi-idle 

6 

CO 

Taxi-idle 

30 

NO, 

Takeoff 

10 

These El values 

are referred 

to as "goals" throughout the 


remainder of the report, since meeting these levels would very 
likely assure that the EPA parameter (EPAP) requirements, which 
are the actual program goals, would be met. 

2. Combustor Performance, Life, and Envelope Goals - The 
following combustor performance, life, and envelope goals have 
been established to ensure tnat the final selected combustion sys- 
tem is compatible with the engine cycle and configuration: 

99 percent at all engine 
operating conditions 

0.19 at takeoff condi- 
tions 

Commensurate with the 
current Model TFE731-2 

Commensurate with the 
current TFE731-2 relight 
envelope 

Compatible with Model 
TFE31-2 installation 

ASTM D1655-75 Type Jet A 
(or equivalent) 


Combustion efficiency: 


Combustor exit^temperature 
pattern factor®: 

Combustor life: 


Engine relight 
capability: 


Combustor size and shape: 


Fuel: 


@ Pattern factor (PF) = 

Max. Combustor Exit Temp. - Average Combustor Exit Temp. 
Combustor Temperature Rise 






A 
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TABLE II. 



EMISSIONS COMPARISON - PROGRAM GOALS VS 
TPE731-2 ENGINE CHARACTERISTICS 


Progreua Goals 


hr/LTO cycle* 


Pollutant 


Total unburned 
hydrocarbons 
(HC) 

Carbon 

monoxide (CO) 

Oxides of 
nitrogen 


Smoke No. 


a LTO (landing- takeoff) cycle as defined in Table II. 
b Average of six engines measured prior to start of program. 



TFE731-2 Englna 
Char.cterl.tlo. 


Gaseous Emissions F 
lb/1000 lb Thrust** 
hr/liTO cycle*'® 

Percent Reduction 
Needed to Meet 
Goals 

6.6 

76 

1 17.5 

46 

5.0 

26 

36 

0 


TABLE III. - EPA SPECIFIED LANDING- TAKEOFF 
CYCLE FOR CLASS Tl ENGINES 


Duration ot mode 
(Hinutas) 


Engine power setting , 
(percent of rated power) 



Taxi-idle (out) 
Takeoff 
Clinbout 
Approach 
Taxi-Idle (in) 


a Reconnended power setting of 0.89 KN thrust for t^uci-idlo operation of the AiReaearch 
TFE731-2 turbofan in accordance with applicable Federal Aviation Administration 
Regulations. 


















C. “ PROGRAM PLAN 


The Pollution Reduction Technology Program for Small Jet Ait- 

craft Engines was a three-phase effort, with each phase independ- 
6ntiy tunaea; 

o Phase I - Combustor screening tests of low-emission con- 
cepts 


o 

o 


Phase II - Combustor refinement and optimization tests 

Phase III - Engine testing with selected combustor con- 
cept (s) . 


^ ghasg--I Program. - Phase I involved the design, rig 

analysis of a number of candidate approaches for 
smoke emissions. The objective of this 
phase was to identify and develop emission control technology 
concepts. A detailed description of the Phase I Program and the 
results are presented in Ref. 3. ^ 

. . Phase — II Program. - During Phase II ^ the two most prom- 

ising combustor configurations identified in Phase I underwent 
more extensive testing. component test rig was used to develop 
systems that optimized emissions reductions consistent with 
acceptable combustion-system performance required in an engine 
application. Therefore, Phase II testing entailed development in 
the areas of off-design-point operation, lean-stability and alti- 
tude-relight capability, and exit-temperature profile and pattern 
addition to the rig tests, a provision was made in 
Phase II to conduct limited engine tests using test-rig adaptive 
hardware, with the intention of obtaining a correlation between 
tne emission levels measured on the engine and rig. These tests 
were confined to brief correlation checks, and no refinement or 
development work (scheduled for Phase III) was conducted in 
Phase II. A description of the Phase II program activity and 
results ate presented in Ref. 4. ^ 

. , Phase III Program. - The most promising combustion 

system, developed and refined through Phases l and II, was assem- 
bled on a Model TFE731-2 engine and underwent a series of tests to 
demonstrate the actual performance and emissions characteristics 
in an engine environment. An alternate combustion system design 

further development. A description of the 
Phase III program activity and results are presented in Chap- 
ters IT and III of this report. ^ 
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D. - PROGRAM SCHEDULE 


The program schedule is shown in Figure 1. Phase I was a 
19-month technical effort. Phase II was completed in 24 months. 
Phase III was a 29-month effort, and was completed in May 1980. 


PHASE I - COMBUSTOR 
SCREENING TESTS 


PHASE II - COMBUSTOR 
REFINEMENT AND 
OPTIMIZATION TESTS 


PHASE III - ENGINE 
DEMONSTRATION 
TESTS 



Figure 1. Program Schedule. 










CHAPTER II 

PHASE III PROGRAM - EQUIPMENT AND PROCEDURES 




A. - INTRODUCTION 1 

This chapter contains a description of the AiResearch | 

Model TPE731-2 engine and its combustion system. The Model 
TFE731-2 was selected as being representative of current- . 

technology turbofan engines of EPA Class Tl, and to serve as the I 

baseline for comparison for the program results. In addition, the » 

test facilities and equipment, emissions sampling and analysis 
instrumentation, test procedures, and data-analysis procedures 
and methods are described. ' 

B. - BASELINE TEST ITEMS DESCRIPTION AND PERFORMANCE . 

1. Model TFE731 Turbofan Engine - General Description . - I 

The Model TFE731-2 engine is a 15.6 kN thrust engine, which is the 
lower-power version of the two Model TFE731 engine models cur- 
rently in production (the other version, designated Model 
TFE731-3, is rated at 16.5 kN thrust). Both engines are of a two- 
spool, geared-front-fan design, with a bypass ratio of 2.67. The 
fan is coupled through a planetary gearbox to the low-pressure 
(LP) spool, which consists of a four-stage axial compressor and a 
three-stage axial turbine. The high-pressure (HP) spool consists 
of a single-stage centrifugal compressor and a single-stage axial 
turbine. A photograph of the engine is shown in Figure 2. Over- 
all engine dimensions and weight are included in Figure 3, and 
details regarding combustor design are shown in Figure 4. 

Performance characteristics for the Model TFE731-2 engine 
are listed in Table IV. A plot of the Model TFE731-2 operating and 
starting envelope is presented in Figure 5. 


TABLE IV. KEY ENGINE PERFORMANCE PARAMETERS. 


Thrust, kN: 


Sea-level takeoff (maximum thrust) 
Maximum cruise (12,192 m, MsO.8) 

15.6 

3.36 

Thrust specific fuel consumption, kg/N-hr: 


Sea-level takeoff (maximum thrust) 
Maximum cruise (12,192 m, M=0.8) 

0.048 

0.082 

Noise level, EPNdb; 


Sea-level takeoff 

82.6 
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2. Model TFE731-2 Combustion System Description. - The 
I Model TFE731-2 combustor is o£ a reverse-flow annular design. The 

combustor liner consists of an inner and an outer panel connected 
^ by a dome. Cooling bands (two on the outer and three on the inner) 

are brazed to these panels. Fuel is injected into the combustor 
' through 12 dual-orifice fuel nozzles inserted radially through the 

liner outer panel near the dome. The fuel spray cone is angled 
> 35 degrees toward the dome^ and injects nearly tangentially around 

the combustor annulus in the direction of the inlet air swirl. A 
I , single fuel-flow-divider valve is used to regulate fuel flow 

i between the primary and secondary flow circuits. Ignition and 

f initial engine acceleration are performed on primary fuel only; 

the secondary fuel flow starts slightly before the taxi-idle power 
setting is reached. The ignition system consists of two air-gap 
I igniters connected to a capacitance-discharge ignition unit. The 

I igniters ate located in the bottom quadrant of the combustor, and 

I align axially with the fuel nozzles. The key combustor-operating 

1 parameters at the taxi-idle and takeoff power settings are listed 

I in Table V. 

1 3. Baseline Pollution Levels . - At the onset of Phase I of 

the program, rig testing was performed on current production com- 
I bustion system hardware to establish baseline emissions values. 

These data, together with the program goals, ate shown in Table VI 
I for the taxi-idle and simulated takeoff points. The takeoff goals 

' were calculated from Phase II rig-to-engine correlations (and 

f compensated for the differences in tig and engine combustor pres- 

sure) . 

C. - TEST RIG AND FACILITIES 

1. Pressure Rig and Instrumentation. - The pressure tig was 
originally designed for use in the development of the combustion 

' system for the production Model TFE731 engine. Only minor modifi- 

cations and the refurbishment of hot-end components were required 
for use during this program. A cross-section layout of the rig is 
shown in Figure 6. The compressor diffuser, deswitl vanes, and 
inner and outer transition liners were all reworked engine com- 
ponents, and ensured that the combustion system aerodynamics simu- 
lated engine conditions as nearly as possible. A traversing 
instrumentation drum was located at the axial plane of the turbine 
' stator inlet, and contained the combustor-exit instrumentation. 

The inlet instrumentation was mounted on the combustor plenum in 
, the vicinity of the compressor deswirl vanes. A listing of the 

instrumentation is given in Tables VII and VIII for each of the 
combustor concepts tested in Phase III. 

2. Combustor Inlet Instrumentation. - Figure 7 shows the 
circumferential location of the combustor inlet instrumentation 
for Concept 2. There were four total-pressure rakes located at 

I 90-degree intervals around the plenum. Probe angles were adjust- 

' able with respect to the axial position, and the probes were set 
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TABLE V. KEY OPERATING PARAMETERS OF THE TFE731--2 COMBUSTOR 


Parameter 

Taxi" Idle 

Takeoff 

Combustor airflow, 

2.31 

13.59 

Compressor discharge totc.1 pressure, 
kPa 

202.1 

1425.0 

Combustor pressure loss, percent 

3.0 

4.5 

Compressor discharge temperature, K 

369.9 

684.6 

Combustor discharge temperature, K 

754.4 

1257.6 

Combustor discharge pattern factor 

0.35 

0.19 

Combustor fuel flow, kg/hr 

87.3 

1 

754.3 


TABLE VI. TEST RIG BASELINE EMISSION VALUES 



Taxi-idle 

emissions 


Takeoff 

emissions 


HC, 

g/kg fuel 


1979 production 


Goals (compensated 
for rig conditions) 


Required reduction, 
percent 



Smoke 


16 

12 


*As measured at test tig conditions, (414 kPa, maximum, at 
takeoff, as compared with engine takeoff pressure of 1425 kPa) , 



















TABLE VII. - 


COMBUSTOR PRESSURE RIG INSTRUMENTATION 
■LIST, CONCEPT 2. 





Angular 


Sensor 




Position/ 

Immersion, 

Type 


Parameter 

Symbol 

Degreos 

cm 

(Dimensions in cm) 

combustor 

Inlet Static Pressure 

**531 

345 

0 

0.140 Dia. Tap 

Combustor 

Inlet Static Pressure 


75 

0 

0.140 Dia. Tap 

Combustor 

Inlet Static Pretsurs 

*^S33 

165 

0 

0.140 Dia. Tap 

Combustor 

Inlet Static Pressure 

■’S34 

255 

0 

0.140 Dia. Tap 

Combustor 

Inlet Total Pressure 

'^TSll 

345 

0.413 

0.317 Dia. Pitot Tubes 

Combustor 

Inlet Total Pressure 

*’t312 

345 

0.730 

0.317 Dia. Pitot Tubes 

Combustor 

Inlet Total Pressure 

p 

T313 

345 

1.048 

0.317 Dia. Pitot Tubes 

Combustor 

Inlet Total Pressure 

p 

T314 

345 

1.365 

0.317 Dia. Pitot Tubes 

Combustor 

Inlet Total Pressure 

^T321 

75 

0.413 

0.317 Dia. Pitot Tubes 

Combustor 

Inlet Total Pressure 

*’t322 

75 

0.730 

0.317 Dia. Pitot Tubes 

Combustor 

Inlet Total Pressure 

^T323 

75 

1.048 

0.317 Dia. Pitot Tubes 

Combustor 

Inlet Total Pressure 

*^T324 

75 

1.365 

0.317 Ola. Pitot Tubes 

Combustor 

Inlet Total Pressure 

^T331 

165 

0.413 

0.317 Dia. Pitot Tubes 

Combustor 

Inlet Total Pressure 

^T332 

165 

0.730 

0.317 Dia. Pitot Tubes 

Combustor 

Inlet Total Pressure 

p 

*^T333 

165 

1.048 

0.317 Dia. Pitot Tubes 

Combustor 

Inlet Total Pressure 

p 

T334 

165 

1.365 

0.317 Dia. Pitot Tubes 

Combustor 

Inlet Total Pressure 

^T341 

255 

0.413 

0,317 Dia. Pitot Tubes 

Combustor 

Inlet Total Pressure 

*"t342 

255 

0.730 

0.317 Dia. Pitot Tubes 

Combustor 

Inlet Total Pressure 

^T343 

255 

1.048 

0.317 Dia. Pitot Tubes 

Combustor 

Inlet Total Pressure 

^T344 

2S5 

1.365 

0.317 Dia. Pitot Tubes 

Combustor 

Inlet Total Temperature 

T 

T31 • 
T 

T32 

30 

0.889 

CA Thermocouples bead- 

combustor 

Inlet Total Temperature 

120 

0.889 

type half-shielded 
(all ^T3 

Combustor 

Inlet Total Temperature 

T 

T33 

210 

0.889 

Combustor 

Inlet Total Temperature 

T 

T34 

370 

0.889 


Combustor 

Discharge Static Pressure | 

^S41 

Aot ttlng 

0 

0.175 Ola. Tap 



Rake 



Cou^ustor 

Discharge Total Pressure 

**T41 


0.343 

0.317 Dia. Pitot Tubes 

Combustor 

Discharge Total pressure 

^T42 1 


0.775 

0.317 Dia. Pitot Tubes 

Condbustor 

Discharge Total Pressure 

P ! 

T43 


1.283 

0.317 Dia. Pitot Tubes 

Combustor 

Discharge Total Pressure 

^T44 


1.816 

0.317 Dia. Pitot Tubes 

Combustor 

Discharge Total Pressure 

^T45 


2.324 

0.317 Dia. Pitot Tubes 

Combustor 

Discharge Total Pressure 

^T46 


2.857 

0.317 Dia. Pitot Tubes 

Combustor 

Disenaroe Total Temp. 

*^T41 


0,349 

Pf/Pt and 10:J Hh 

Combustor 

Discharge Total Temp. 

T 


0.768 

Thermocouples shielded 


T42 



(all T.j.^ locations) 

Combustor 

Discharge Total Temp. 

T 

T43 


1.289 

Combustor 

Discharge Total Temp. 

T 

T44 


1.810 


Combustor 

Discharge Total Temp. 

T 

T45 


2.330 


combustor 

Discharge Total Temp. 

T 

T46 


2.850 


1 Ssit^le Caa Temperature 

T 

SGI 

- 

- 

CA Thermocouples 





shielded 

1 Sample Caa Temperature 

T 

SG2 

- 

- 

CA Thermocouples 





shielded 
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TABLE VIII. COMBUSTOR 
CONCEPT 3, 


PRESSURE RIG INSTRUMENTATION LIST, 


Angular 

Poll it Ion InuneiTfiion 
Dogrcos cm 


Inlet Static Prestturu 


Inlet Static Pressure 


Inlet Static Pressure 


>r Inlet Static Pressure | 
>r Inlet Total Pressure 
>r Inlet Total Pressure 
>r Inlet Total Pressure 
>r Inlet Total Pressure 
)r Inlet Total Temperature 
>r Inlet Total Temperature 
>r Inlet Total Temperature 
>r Inlet Total Temperature 
>r Diacliarge Static Pressure 


Rotating 


0.140 cm. Dia. Tap 
0.140 cm. Uia. Tap 
0*140 cm. Din. Tap 
0.140 cm* Ola. Tap 
0.3175 cm. Dia. Pitot Tube 
0.3175 cm. Dia. Pitot Tube 
0.3175 cm. Dia, Pitot Tube 
0.3175 cm. Dia. Pitot Tube 
CA Thermocouples bead- 
typo hall-shicldcd 


0,175 cm. Dia, Tap 


combustor Discharge Total Pressure 

Combustor Discharge Total Pressure 

Combustor Discharge Total Pressure 

ConUiustor Discharge Total Pressure 

Combustor Discharge Total Pressure 

Combustor Discharge Total Pressure 

Combustor Discharge Total 
Temperature 

Combustor Discharge Total 
Temperature 

Combustor Discharge Total 
Temperature 

Combustor Discharge Total 
Temperature 

Con\bu8tor Discharge Total 
Temperature 

Sampie Gas Temperature 

sample Gas Tempera tore 


0,3175 cm. Dia. Pitot Tube 
0.3175 cm. Dia. Pitot Tube 


0.3175 cm. Dia.. Pitot Tube 
0.3175 cm. Dia. Pitot Tube 


0.3175 cm, Dia, Pitot Tube 


0.3175 cm. Dia. Pitot Tube 
Pt/Pt and 10% Rh 


Thermocouple shielded 


CA Thermooouplos shielded 
CA Thermocouples shielded 










Figure 7* 


Circumferential Location of Inlet Instrumentation 
for Concept 2 (View Loolcing into CornLustion 
Chamber Liner). 
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to compensate for the airflow swirl angle of approximately 
35 degrees to obtain the maximum total-pressure value. These 
total-pressure raKes consisted of four-element probes identical to 
the probes used in Phase II. Immediately upstream of each total- 
pressure rake was a static-pressure wall tap for measurement of 
combustor inlet static pressure. Pout inlet total-temperature 
thermocouples were located at the same axial plane as the total- 
pressure takes, and circumferentially spaced halfway (45 degrees) 
between the rakes. The thermocouples were Chromel-Alumel with a 
closed bead. The bead was immersed halfway into the inlet 
channel. 

Pot Concept 3, single-element total-pressure probes were 
used because of interference with the main-stage fuel manifolds. 
The instrumentation stations were spaced circumferentially, at 12 
intervals, witn four points 90 degrees apart used for the total 
pressure, static pressure, and inlet temperature (see Pigure 8). 

3. Combustor-Discharge Instrumentation . - The combustor- 
discharge instrumentation was located in the plane of the turbine 
stator inlet. The drum was connected to a stepping motor that 
indexed the drum in 10-degree increments. The rakes were canted 
at a 20-degree angle to compensate for combustor exit air swirl. 
These rakes were; 

o A six-element platinum/platinum-lO-percent rhodium ther- 
mocouple rake 

o A six-element total-pressure rake with one static- 
pressure tap 

o A four-point, water-cooled emissions rake. 

The lines from these rakes were inserted into the traversing drum 
where they entered the instrumentation shaft through gas-tight 
compression fittings. The cooling-water lines for the emission 
probe also entered the shaft through compression fittings. These 
rig instrumentation lines were terminated at the end of the shaft 
and connected to facility lines. The emissions rake consisted of 
four 3.17-mm diameter stainless-steel probes that were connected 
to a common 6.35-mm diameter stainless-steel tube. The tips of 
the four probes were located in the combustor exhaust-gas stream, 
and the sample gases passed through them and into the common 
collector. Surrounding the collector was a water jacket that con- 
tained inlet and exit ports for cooling water. Water was supplied 
through a closed-circuit system connected to the facility cooling 
tower. Thermocouples were located in the emission sample gas 
stream (one near the probe and the other at the exit of the instru- 
mentation shaft) to monitor the sample temperature. The cooling 
water flow rate was adjusted to maintain the desired 422 to 881 K 
sample temperature. 
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In addition to the emissions probe on the instrumentation 
drum, a fixed-position smoke-sampling rake was located in the 
tailpipe downstream of the exhaust-gas mixing basket. This rake 
consisted of four 6.35-mm stainless-steel probes externally mani- 
folded and inserted through the rig tailpipe. Each tube had three 
0.8-mm orifices drilled through the wall and spaced on centers of 
equal areas for the tailpipe. 

4. Combustion Component Test Facility . - The combustion 
facility has the capability of supplying up to 4.08 kg/s of 
unvitiated air at a pressure and temperature of 690 kPa and 700 K, 
respectively. Higher airflow rates are possible with corre- 
sponding decreases in pressure. The facility is instrumented to 
measure pertinent air and fuel flow rates, temperatures, and pres- 
sures necessary to determine performance factors such as 
efficiency, discharge temperature, pattern factor, combustor total 
pressure drop, ignition, and emissions. 

Pressures from 0 to 34.5 MPa can be measured with the use of 
pressure transducers. These transducers were used to measure 
those parameters necessary for the determination of airflow rate. 
Rig pressures were measured with a Scanivalve transducer. 

Temperatures were measured as follows; 

o Combustor inlet - Chrorael-Alumel thermocouples (289 to 
1637 K) 

o Combustor discharge - platinum/platinum-lO-percent rho- 
dium thermocouples (255 to 1922 K) 

Inlet air humidity was measured at the start of each test with a 
Beckman electrolytic hygrometer. Liquid fuel flow was measured 
with five rotometers that have a total range of 2 to 450 kg/hr. 
Airflow was measured in accordance with standard ASME orifice- 
metering practice. Data were recorded both manually and auto- 
matically. 

D. - ENGINE TEST FACILITY AND INSTRUMENTATION 

1. Facility . - The Model TFE731 engine is tested in a 
facility of approximately 372 square meters containing two thrust- 
stand cells and supporting areas. The test cells, control 
modules, staging areas, and a high-speed digital data acquisition 
system are all housed in a single structure. This test facility, 
shown in Figure 9, has thrust capabilities up to 22 kN and is 
utilized for development, qualification, and production testing of 
AiResearch prime propulsion turbofan engines. 
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2. Instrumentation . - For this program, the normal Model 
TFS731-2 engine instrumentation was upgraded for the purpose of 
making measurements pertinent 'n the evaluation of the combustion 
system performance and emissiou levels. A listing of the instru** 
mentation used during testing is presented in Table IX. Axial 
locations of the engine-mounted instrumentation are shown on the 
engine cross section in Figure 10. The circumferential position 
of the combustor inlet total pressure probes and thermocouples is 
shown in Figure i.1. 

In addition to the instrumentation listed in Table VIII, an 
emission sampling probe was used to measure the gaseous and 
particulate emissions of the engine core flow. The location of 
the probe is depicted in Figure 10. The probe had 24 sampling 
points and could be operated either in a 12- or 24-point sampling 
mode. A photograph of the probe is shown in Figure 12. 

E. - EMISSION SAMPLING AND DATA-ACQUISITION FACILITIES 

1. Emissions Sampling and Analysis Facilities and Equip- 
ment . - The AiResearch exhaust-gas emissions sampling and analysis 
equipment used in the program consisted of two basic types; that 
used for sampling gaseous emissions of NOx, HC, CO, and CO 2 ; and 
that used to obtain the smoke number of insoluble particulates in 
the exhaust gas. The analyzers, together with all required cali- 
bration gases and other support equipment, were installed in the 
mobile units shown in Figures 13 and 14. All equipment, including 
plumbing and materials, conforms to EPA recommendations on exhaust 
emission analysis, as specified in Section 87.82 of the 1979 air- 
craft emission standards (Ref. 1). A schematic of the gas ana- 
lyzer flow system is shown in Figure 15, and the particulate ana- 
lyzer flow system schematic is shown in Figure 16. This equipment 
is described in the following paragraphs. 

(a) Gaseous Emissions Analysis Equipment - This equipment 
consisted of the following analyzers, along with the 
refrigeration, gasifier, filtration, and pumping 
devices required for obtaining and processing the 
samples: 

o A Thermo-Electron chemiluminescent analyzer for 
determining the presence of oxides of nitrogen 
(NO^) over a range from 0 to 10,000 ppm 

o A Beckman Model 402 hot flame-ionization-detection 
hydrocarbon analyzer capable of discriminating 
unburned hydrocarbons (HC) in the sample over a 
range of 5 ppm to 10 percent 

o A Beckman Model 315B carbon monoxide (CO) 
analyzer. This analyzer has three discrete sensi- 
tivity ranges corresponding to 0 to 100, 0 to 500, 
and 0 to 2500 ppm. 
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TABLE IX. ENGINE INSTRUMENTATION. 

1 

Parameter 

Symbol 

and 

Station 

Unit 

Engine 

Range 

Total Reg*d 
Recording 
Accuracy 
(Full Scale) 

Sensor Type 

Low rotor speed 


rpm 

4K-25K 

i0.2S% 

1 monopole 

High rotor speed 

^2 

cpm 

15K-30K 

10.5% 

1 monopole 

Burner plenum pressure 

^CD 

RPa 

200-1793 

10.5% 

1 static tap 

HPT discharge temperature 

"^ts.o 

K 

422-1200 

45K 

4 one-element probes 

LPT discharge pressure 

^T?.0 

kPa 

103-207 

to. 5% 

5 five-element probes 

Bellmouth total pressure 

^Tl.2 

KPa 

90-103 

tO.5% 

6 one-element probes 

Bellmouth static pressure 

**S1.2 

kPa 

90-103 

10.5% 

6 static taps 

Inlet screen temperature 

'^tl.O 

K 

266-322 

±2K 

5 sets of 2 thermo- 
couples 

LPT discharge temperature 

'^t7.0 

K 

394-922 

iSK 

5 two-element probes 

LPT discharge pressure 


kPa 

103-207 

10.5% 

5 five-element probes 

Primary nettle discharge 
static pressure 

^S8.0 

kPa 

90-103 

40.5% 

4 static taps 

Fuel flow 

«F 

kg/sec 

0.024- 

0.376 

10.5% 

2 turbine meters, 
1 rotometer 

Fuel pressure, primary 

^WFP 

kPa 

0-6895 

to. 5% 

1 transducer 

Fuel pressure, secondary 

**WFS 

kPa 

0-689$ 

10, 5% 

1 transducer 

Specific gravity, fuel 

FSG 

- 

0.7-0. 9 

10.5% 


Fuel temperature 

"^POEL 

K 

283-311 

12K 

1 thermocouple 

Measured thrust 

^WEAS 

KN 

0-22.2 

10.5% 

2 load cells 

Barometric pressure 

p 

^BAR 

kPa 

90-103 

to. 5% 


Power lever angle 

PLA 

deg 

0-120 



HPC discharge temperature 

^3.0 

K 

355-755 

13K 

6 one-element probes 

HPC discharge pressure 

^T3.0 

kPa 

200-1793 

10.5% 

6 one-element probes 
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0 A Beckman Model 3I5B carbon dioxide (CO 2 ) 
analyzer. The sensitivity ranges of this analyzer 
correspond to 0 to 2, 0 to 5, and 0 to 15 percent. 
(The measurement of CO, is not specifically 
required for the determination of pollutant emis- 
sion rates. However, AiResearch conducts analyses 
of CO, in engine exhaust gases to provide a carbon 
balance with the fuel consumed as a means of check- 
ing the validity of test data) . 

All instruments, zero gases, and span gases are kept at 
a constant temperature to avoid drift. The equipment is 
capable of continuous monitoring of NO , HC, CO, and COj 
in exhaust gases. The zero and span gSses used to cali- 
brate the instruments are given in Table X. 

(b) Particulate Emissions Sampling and Analysis Equipment - 
Sample-size measurements were made with a Precision 
Scientific Wet Test Meter accurate to within, ±0.005 
standard cubic meter. Wet test pressure and temperature 
were measured within ±68 Pa and 0.50 K, respectively. 
Sample flow measurements were conducted with a Brooks 
Rotometer Model 110, accurate to within ±1.7 cm3/min. A 
Duo-Seal Model 1405 vacuum pump, with a free-flow capa- 
city of 0.57 cm3/min and no-flow vacuum capability of 

1 micron, was used. Reflectance measurements were con- 
ducted with a Welch Densichron Model 3837 photometer. 

2. D ata Acquisition . - Data acquisition for both tig and 
engine test .ng was performed by computer? originally, the SEL 810B 
and later by the PDP 11/70 which replaced it. All pressure, tem- 
perature, and emissions data were transmitted in terms of counts 
from the test facility to the computer where it was processed in 
real time and returned in engineering units to the test facility 
for display on cathode ray tubes (CRT) . 

For rig testing, a single CRT was used to monitor combustor 
inlet and discharge conditions (i.e., airflow, fuel flow, T 3 , P 3 , 
T 4 , etc.). A sample display is shown in Figure 17, and an explana- 
tion of the symbols and units is given in Table XI. At the conclu- 
sion of a complete data scan (36 steps of the rotating rake) the 
CRT was used to display a summary of the scan and the required cal- 
culated values (i.e., pattern factor, emissions indexes, combustion 
efficiency, emission indexes, etc.). An example of a summary 
scan is shown in Figure 18. 

In addition to the CRT displays, all data from the individual 
scans as well as the summary calculations were stored on magnetic 
tape and later printed out for a permanent record at the conclu- 
sion of each test. For transient tests, such as ignition, alti- 
tude relight and combustion stability, pertinent data were recorded 
manually. 
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TABLE X 


ZERO AND SPAN GASES 


Zero Air and N 2 
C^Hq in Air 

NO in N 2 

CO in N 2 

CO 2 in N 2 


Concentration 

Manufacturer 

HC < l.Q ppm 

! Air Products 

6 . 3 ppm 

Air Products 

52.0 ppm 


105^0 ppm 


16.9 ppm 

Scott Research 

46.5 ppm 

Labs 

109.0 ppm 


65,0 ppm 

Air Products 

250.0 ppm 

Matheson 

440.0 ppm 

Air Products 

1.05% 

Scott Research 

1.97% 

Labs 

3.05% 
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Figure 17 » CKT Display of Coiribustor Data (Sample) 




TABLE XI, LEGEND FOR CRT DISPLAY, 


EXPLANATION 


FIRST COLUMN 



Inlet or specific humidity I 

Orifice pressure 
Orifice temperature 
Orifice AP 

Orifice flow rate, inlet airflow 
Air»as8ist orifice pressure 
Air^assist orificsr temperature 
Air~assist orifice AP 
Air-assist flow rate 

Difference between air-assist manifold pressure and rig inlet 
total pressure 

Total airflow rate 

Difference between primary fuel pressure and rig inlet total 
pressure 

Primary fuel flow 

Difference between secondary fuel pressure and rig inlet total 
pressure 

Secondary (premix) fuel flow 
Total fuel flow 
Measured fuel-air ratio 
Inlet static pressures 


SECOND COLUMN 


Average of four inlet static pressures 

Average of first four inlet total pressures, PTIl, PTI2, PT13, 
PT14 

Average of second four inlet total pressures, PT21, PT22, PT23, 
PT24 

Average of third four inlet totil pressures, PT31, PT32, PT33, 
PT34 

Average of fourth four inlet total pressures, PT41, PT42, PT43 
PT44 

Average of all 16 inlet total pressures 
Inlet total temperature 
Average of four inlet total temperature 
Discharge static pressure 

Discharge total pressujres - Number 1 refers to inner position 
Average of six discharge total pressures 
Combustor total pressure loss 

Discharge total temperature - Number 1 refers to inner position 










LEGEND FOR CRT DISPLAY (CONTD) 


EXPLANATION 

THIRD COLUWN ~ 

Discharge total temperature 

Average of six discharge total temperatures 

Maximum of six discharge total temperatures 

Combustor reference velocity 

Maximum value of selected NOX range 

NOX concentration in wet exhaust gas 

NOX emission index 

Maximum value of selected CO range 

CO concentration in wet exhaust gas 

CO emission index 

Maximum value of selected C)2 range 
C02 concentration in wet exhaust gas 
Maximum value of selects ’. HC range 
HC 'concentration in wet exhaust gas 
HC emission index 

combustion efficiency from emissions 
Fuel-air ratio from emissions 
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Figure 18. CRT Display of Average Values (Sample). 


For engine testing, two CRT's were used. One was used to 
display the engine performance parameters (l.e., measured and cor- 
rected thrust, core airflow, primary and secondary fuel flows, 
etc.). This display was used to monitor engine performance and to 
set the proper power points at which emission values were mea- 
sured. A sample display from this CRT is shown In Figure 19. An 
explanation of the symbols is given in Table XII. The second CRT 
displayed emission Indexes and parameters calculated from the 
emissions data (l.e., fuel-air ratio and combustion efficiency). 
The CRT display was generated by the same program that was used 
for rig testing. The display was the same as that shown in 
Figure 17, except that all the rig test parameters were not 
recorded. The engine data, like the rig test data, were also 
stored on magnetic tape and printed out at the conclusion of the 
test. For acceleration and deceleration tests the required data 
were limited and were recorded manually. 

P. - TEST PROCEDURE AND CONDITIONS 

Testing during this phase of the program was divided into two 
portions? rig evaluation and engine testing. 

1. Rig Tests - Two types of pressure-rig testing were 
performed during Phase III. The first involved checkout of the 
Concept 2, variable-geometry combustion system hardware that was 
to be used in the engine tests that followed. The engine tests 
comprised the main portion of the program test effort for 
Phase III, and the rig tests were used to ensure that the combus- 
tion system performance was compatible with the engine require- 
ments and not with combustion system design requirements alone. A 
second series of rig tests were performed on Concept 3, the axial- 
ly staged fuel injection combustion system. The intent of these 
tests was to further optimise this approach to emissions reduc- 
tion. 


a. Concept 2 Compatibility Tests - To ensure the compati- 
bility of the combustion system hardware with the engine, a series 
of rig tests were performed. During these tests the variable- 
geometry actuation system also underwent a thorough checkout. 
These rig tests included combustor performance and emissions level 
evaluation, determination of ignition, altitude relight, and com- 
bustion stability data, and liner wall-temperature information. 

( 1 ) Combustor Performance and Emission Level Evaluation - 
These tests involved operating the combustion system at the four 
LTD power settings and measuring the normal combustor performance 
parameters and gaseous emissions levels. The two lower power set- 
tings — taxi idle and approach — were run at actual engine inlet 
and exit conditions. The climbout and takeoff points were run at 
414 kPa inlet total pressure rather than the actual conditions 
(1301 and 1425 kPa, respectively) due to facility airflow limita- 
tions. The airflow and fuel flow rates were also scaled to main- 
tain the proper corrected flow and fuel/air ratios. The inlet 
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Fi^re 19, CRT Display cf Engine Data (Sample). 


Symbol 


Units 


Erplaa^tion 


COND 


Test Condition Number 

A4 

in2 

High Pressure (Turbine) Ststor Ares (Station 4) 

AS 

IN® 

Low Pressure (Turbine) Stator Area (Station 5} 

LHV-TW 

BTU/LB 

Lower Beating Value of Fuel 

SFG-TW 

" 

Specific Gravity of Fuel 

32REFA 

•F 

Reference Junction Temprature 

32REFB 

•F 

Reference Junction Temperature 

REP150 

•f 

Reference Junction Temperature 

PBARU 

INHG 

Barometric Pressure 

PS1.2 

PSIG 

Bellnouth Static Pressure 

PT1.2 

PSIG 

Bellnouth Total Pressure 

PS2.35 

PSIG 

LPC Bleed Static Pressure 

PCD 

PSIG 

Combustor Inlet Static Pressure 

PT3 

PSIG 

Combustor inlet Total Pressure 

PT7.0 

PSIG 

LPT Discharge Temperature 

pse.o 

PSIG 

Primary No*«le Discharge Static Pressure 

PS12.0 

PSIG 

Pan Nossle Discharge Static Pressure 

WET 

op 

Wet Bulb Temperature 

DRY 

•P 

Dry Bulb Temperature 

TTIAV 

•P 

Average of Ten Bellnouth Inlet Temperature 

TISPRD 

•P 

Spread of TTl 

m 

•P 

Combustor Inlet Total Temperature 

rr5#i-#4 

•f 

BFT Discharge Temperature 

TT7.0 

•P 

LPT Discharge Temperature 

NO 

RPK 

LPC Speed 

NH 

RPM 

BR: Speed 

THRST1,THRST2 

1.DS 

Measured Thrust 

FNCORR 

LBS 

Corrected Thrust 

PCTkAT 

PERCENT 

Percent Rated Thrust 

TPUEL 

•F 

Sngine Inlet Fuel Temperature 




TABLE XII. LEGEND FOR CRT DISPLAY (CONTD) 


Symbol 

Unite 

Bxplenation 

PFUELT 

•P 

Primary Manifold Fuel Temperature 

SPUELT 

•P 

Secondary Manifold Fuel Temperature 

SG IN 

- 

Fuel Specific Gravity at En9ine Inlet Temp. 

SG PRl 

- 

Fuel Specific Gravity at Primary Manifold Temp. 

SG SEC 

- 

Fuel Specific Gravity at Secondary Manifold Temp. 

WPTOT 

LB/HR 

Total Fuel Flow (Flowmeter) 

WPP 

LB/BR 

Primary Manifold Fuel Flow (Flowmeter) 

WPS 

LB/HR 

Secondary Manifold Fuel Flow (Flowmeter) 

WP-WPP 

tB/RR 

WFTOT-WPP • MFS 

WF-WPS 

EB/HR 

WFTOT-WPS • WFP 

P PS ID 

PSID 

Primary Manifold Fuel Pressure 

S PSID 

PSID 

Secondary Manifold Fuel Pressure 

PRI PN 

LB/RR PSID 

Primary Manifold FLow Mo. per Nosale 

SEC FN 

tB/BR PSID 

Secondary Manifold Flow Ho. per Nossle 

RSPC 

LB/BR/LB 

Specific Fuel Consumption 

WA4 

I.B/SEC 

Engine Core Airflow 

PAM 4 


Measured Fuel/Air (WFTOT/WA4) 

1 i 
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temperatures were maintained at engine values. The rig test con- 
ditions are specified in Figure 20. 

The main purpose ot these tests was to determine the combus- 
tion system pressure Loss and the circumferential and radial temp- 
erature distribution of the combustor discharge gases, and to 
compare them with the production combustion system values. The 
data from the Concept 2 tig tests were to be compared with data 
from production combustion systems before the start of Concept 2 
engine testing. Emission measurements were also made to determine 
if there had been any degradation in emissions values from the 
final Phase II results. The variable-geometry system was actuated 
at approach and data taken at several valve positions to determine 
the effect on performance and emission levels. 

(2) Ignition. Altitude Relight, and Combustion Stability - 
The purpose of these tests was to determine the ignition, altitude- 
relight, and combustion stability envelopes for the combustion 
system, and to compare them to the envelopes of the production com- 
bustion system. The test points selected represented actual 
engine conditions that would be encountered under normal opera- 
tion. 


For the ignition and altitude-relight points, the proper com- 
bustor-inlet conditions were set and a fuel flow was selected 
slightly below the successful production system value. The igni- 
tion system was activated and the fuel solenoid valve opened. If 
there was an indication of a light-off (temperature rise) within 
2 seconds or less, the light-off was considered successful. If 
not, the fuel-flow rate was increased and the ignition attempt 
repeated after sufficient time had elapsed to drain any accumu- 
lated fuel from the combustor. If the original light-off was 
successful, the fuel flow was reduced and another light-off 
attempt made after the combustor discharge temperature had 
returned to within 2.7 K of the combustor inlet temperature. The 
ignition point was selected as the lowest fuel-flow rate that pro- 
duced a light-off in 2 seconds or less from the time the fuel was 
turned on. 

For the stability test, the combustor-inlet conditions were 
set to the proper values with the combustor operating. The fuel- 
flow rate was then reduced while maintaining the inlet conditions. 
The stability limit was determined by the fuel flow rate where 
burning ceased, as indicated by a rapid drop in combustor-discharge 
temperature. 

(3) Combustor Wall Temperature Measurements - The wall 
temperatures of the combustion liner were determined using temper- 
ature sensitive paint that was applied over the entire combustor 
surface (excluding the swirlers) . The combustor was installed in 
the rig and run at the maximum power setting (takeoff) for 10 
minutes. Data scans were made during this time period to ensure 
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COMBUSTION CELL TEST REQUEST 


Tast Request 2 
Applicable Unit: TFE731-2 
Combustion Chamber Liners: 
. Various 


Test Title; Emission and 
Tests - LTO Cycle Plus Cruis 


Ignition Unit Various 
Cell Test Rig 3551400 


Ignition Lead Various 
Fuel ASTM D16S5«^73> Type Jet A 


Operating Conditions; 
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that the system was running at the proper conditions. Following 
the test completion, the combustor was removed from the rig and 
isotherm lines drawn on the combustor to denote wall-temperature 
values and gradients. The tsothermed combustor was then photo- 
graphed. 

b. Concept 3 Optimisation Tests - Rig testing of the 
Concept 3 combustion system was limited to a continuation of the 
development efforts that commenced during Phase II. Testing was 
performed only at the four LTO power-setting points, and the same 
test conditions were used as on the Concept 2 system checkout for 
performance and emissions levels (see Figure 20 for the rig test 
conditions). During these tests, the major parametric evaluation 
was the effect of fuel-flow splits between the pilot zone and the 
main combustion region on emissions values and pattern factor, 

2. Engine Tests - Engine tests were limited to the 
Concept 2 design and involved two types of tests; steady-state and 
transient. 


a. Steady-State Tests - The majority of the engine tests 
were done at steady-state conditions. These tests entailed 
performance, emissions, and liner-wall temperature evaluations. 
Table XIII shows the power settings that were used during steady- 
state testing. . Each test did not involve each power setting, and 
wall- temperature evaluations were not made during each test. The 
content of each specific test was up to the discretion of the test 
engineer, and depended on the particular configuration and the 
information sought. However, a complete set of data (LTO emis- 
sions values, smoke, engine performance, and liner wall tempera- 
ture) was obtained for each configuration that showed the poten- 
tial of. meeting program goals. 

Testing was accomplished by allowing the engine to stabilize 
at the desired power setting, as specified by the fuel/air ratio 
from Table XIII. When stable operation was attained, the computer 
data acquisition system was activated and three scans of data were 
recorded. The engine was then transitioned to the next power set- 
ting and the procedure repeated. When a change in the swirler- 
valve setting was required, it was made at this time. When smoke 
data was taken, it was necessary to repeat the test points with 
the smoke sampling equipment connected in place of the gaseous 
emission sampling hardware. When a liner-wall temperature test 
was made, the combustor was painted with temperature-sensitive 
paint prior to engine assembly. 

b. Transient Tests - Transient tests were limited to 
configurations that produced acceptable results during the steady- 
st&te test. 
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TABLE XIII. STEADY-STATE PERFORMANCE/EMISSION TEST POINTS. 



























These tests consisted of acceleration and deceleration tests 
and were performed to determine the transient characteristics of 
the engine. These tests were conducted in accordance with CPR 
Title 14, Federal Aviation Administration, Part 33.73, "Power or 
Thrust Response." In essence, this document requires that the 
engine be able to accelerate from not more than 15 percent to 95 
percent of the rated takeoff thrust in 5 seconds. This accelera- 
tion rate was accomplished with the power lever moved from the 
minimum to maximum position in less than 1 second without over- 
temperature, surge, stall, or other detrimental factors occurring 
in the engine. 

The engine procedure that was used for the acceleration and 
deceleration tests is specified below: 

o For Acceleration Tests : The engine was operated at idle 

conditions for 5 minutes. The power lever was then 
moved to the maximum position in less than 1 second. 
The acceleration timing was from the initial power-lever 
movement to the obtaining of 95 percent of rated takeoff 
thrust. The goal was to achieve the acceleration in 5 
seconds or less. The timing was automatically measured 
by an electronic timer that was started by a microswitch 
when the throttle was moved from the taxi-idle point, 
and stopped when the engine reached 95 percent of rated 
thrust. 

o For Deceleration Tests : With the engine running at 

rated thrust, the power lever was moved to the idle 
position in less than 1 second. The deceleration time 
was measured by the same automatic timer from the 
initial power-lever movement at the rated thrust, to a 
thrust equal to the idle thrust, plus 5 percent of the 
difference between idle thrust and rated (takeoff) 
thrust. The goal for deceleration time was 7 seconds. 

The variable-geometry valves were cycled manually. During 
the acceleration test, the valves went from closed to full open at 
approximately the 30-percent thrust point. Conversely, during 
deceleration the valves went from full open to closed at the same 
thrust point. Total time to cycle was less than 1 second. .. 

G. - DATA REDUCTION AND CALCULATION PROCEDURES 

The methods of reducing the rig data are discussed first 
followed by the engine procedures. 

1. Combustion Rig Data Reduction - Data taken during 
combustion rig testing were read from a magnetic tape and reduced 
by a computer program using a Cyber 174 computer. The program 
consists of the following three subprograms; (a) combustor dis- 
charge temperature survey, (b) combustor performance, and (c) 
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emissions data reduction and analysis. These subprograms are 
described in the following sections. 

a. Combustor Discharge Temperature Survey - This data- 
reduction subprogram takes thermocouple readings and prints the 
resultant temperatures in both tabular and figure (plot) forms. 
The subprogram can accept up to a maximum of 12 radial and 60 
circumferential positions. Inoperative thermocouples may be 
deleted at the discretion of the operator. The temperatures 
recorded at each circumferential position are listed by column for 
each thermocouple (see Figure 21) . The average, maximum, and 
minimum temperatures, and the temperature-spread factor are 
computed for each radial position and for each circumferential 
location. A straight overall average, and an average weighted by 
the areas determined by the thermocouple radial locations, are 
also printed. The temperature- spread factor or pattern factor is 
calculated using both straight and weighted-average temperatures. 
The average, maximum, and minimum radial temperatures are plotted 
as a function of their angular position (Figure 22) , showing the 
circumferential variations. Each thermocouple is given a differ- 
ent symbol, and all the readings of each individual thermocouple 
are connected by lines. 

b. Combustor Performance - The combustor performance sub- 
program corrects fuel rotameter flow data, calculates combustion 
efficiency from an enthalpy balance, and calculates the following 
additional parameters: 

o Inlet airflow 

o Measured fuel/air ratio 

o Average inlet and discharge pressures and temperatures 

o Combustor pressure drop 

o Reference velocity 

o Inlet air specific humidity 

o Volumetric heat-release rate 

o Combustor loading and blowout parameters 

A separate performance sheet is not printed; but the performance 
parameters are included in the test summary sheet, to be described 
later . 


c. Emissions Data Reduction and Analysis - The emissions 
data reduction subprogram takes the millivolt readings of the 
emission-analysis equipment and converts them into emission 
volumetric concentrations, emission indexes in g/kg of fuel, and 
EPAP's in lb/1000 Ib-thrust-hr per LTD cycle. For both the emis- 
sions indexes and EPAP's, the volumetric concentrations of the 
pollutant species are corrected to concentrations in wet exhaust 
gas from a combustion process with dry air. The CO and CO, record- 
ings are considered dry data because of the use of a desiccant in 
the sampling train. They need only be corrected for the amount of 
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Figure 21. Typical Combustor Discharge Gas Temperature Data 
Display, TFE731-2 Combustion Rig. 
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water vapor formed by the combustion process. The samples of HC 
and NO are not dried, and must be corrected for the initial 
amount of water vapor in the air to obtain the concentrations 
needed for the emissions indexes. in addition, since the flame 
ionization detection hydrocarbon analyzer is calibrated with pro- 
pane, the HC concentrations are multiplied by three to convert to 
CH4 concentrations. The fuel/air ratio is calculated using dry 
concentrations, and combustion efficiency is calculated using con- 
centrations converted to wet exhaust gas from a combustion process 
with dry air (wet concentrations). 

The pollutant concentrations recorded during the rotation of 
the emissions probe are listed by column for each specie, as typi- 
fied in Figure 23. Each specie and the radially-averaged 
discharge temperature are also plotted as a function of their 
angular position (Figure 24) showing the circumferential varia- 
tion. The value at any particular circumferential location is 
approximate, since the emission-analysis equipment response time 
was greater than the pause time (14 seconds) of tne emission 
probe; however, the circumferential variation of fuel/air ratio 
indicates the degree of mixing of the combustion system at the 
exhaust plane. 

d. Test Summary Sheet - The output of the above programs is 
a two-page summary of the test results. Included on the first 
page is a description of the combustor, fuel nozzles, and fuel 
used during the test. The first output page is typified in 
Figure 25. Pollutant concentrations and indexes from the emis- 
sions data-reduction subprogram are listed next for each test 
condition, followed by the combustor performance parameters and 
the average combustor-discharge temperature and pattern factor. 

The second page is shown in Figure 26, and presents the emis- 
sions parameters for selected test conditions as computed for the 
various operating modes in the LTO cycle. HC and CO emissions are 
corrected by the inverse-pressure ratio between engin'* and rig 
conditions for the climbout and takeoff operating modes. Similar- 
NOx emissions are corrected using a pressure exponent for the 
climbout and takeoff modes. NOx is also corrected to standard-day 
humidity conditions for all four LTO power settings. 

2, Engine Data Reduction - The engine performance data 
taken during engine testing, with the exception of emissions data, 
were reduced by the TFE731 Quick Look Program on a POP 11/70 digi- 
tal computer. The engine-performance parameters were then written 
on a magnetic tape by the same program. This tape was read, along 
with the raw emissions data on magnetic tape, by a Cyber 174 pro- 
gram. This program averaged the three data scans per condition, 
reduced the emissions data, calculated EPA LTO cycle indexes, and 
printed the engine performance and emissions data together. The 
progra>s are described in the following sections. 
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Figure 23. 


Emissions Survey Data (Sample) . 
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E. 


PVERflGE TEMPERfiTURE 





a. TFE731 Quick-Look Program - This program statistically 
averages the raw engine data to obtain 21 engine parameters, which 
are listed in Table XIV- Engine performance is then calculated 
from the measured parameters and the input constants and curves 
(e.g. , the primary nozzle area and curve of nozzle flow coefti- 
cient versus pressure ratio). The reduced engine data were 
printed for inspection as shown on a sample printout in Figure 27. 
The following parameters were written on tape as input to the 
final data-reduotion program: 


LPC Rotor Speed NL 

HPC Rotor Speed NH 

LPT Discharge Corrected Airflow WATC2 

Measured Thrust PMEAS 

Fuel Flow WF 

Engine Pressure Ratio EPR 

Engine Inlet Temperature TTl 

HPC Discharge Temperature TT3 

HPT Inlet Temperature TT4-B 

HPT Discharge Temperature TT5 

LPT Discharge Temperature TT7 

Engine Inlet Total Pressure PT2 

HPC Discharge Total Pressure PT3 

HPC Discharge Static Pressure PCD 

Primary Nozzle Discharge Pressure PCD 
LPT Discharge Pressure PT7 

Primary Fuel Pressure PWPP 

Secondary Fuel Pressure PWPS 

Swirler Valve Position SVP 


b. Final Data Reduction and BPAP Calculation Program - One 
of the functions of this program was to reduce the emissions 
data and, in this respect, the program was similar to the 
emissions subroutine of the test rig data reduction program 
previously described. The program differs in that the engine 
emissions data were taken with a fixed-averaging probe, and 
therefore no circumferential variations were measured. The 
reduced emissions data and the engine performance parameters 
were printed in a format similar to that shown in Figures 28 
through 30. 
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TABLE XIV. LIST OP MEASURED ENGINE PARAMETERS. 
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Measured thrust^ pounds 


Low rotor speed, rpm 
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Barometric pressure, psia 
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Burner plenum pressure, psia 
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Engine inlet total pressure, psia 
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HPC discharge pressure, psia 
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Fan nozzle inlet pressure, psia 
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Fuel specific gravity 
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Fuel temperature, ®F 
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HPC inlet temperature, ®F 
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HPC discharge temperature, °F 
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HPT discharge temperature, ®F 

^7 

LPT discharge temperature, ®F 

“^tll 

Fan nozzle inlet temperature, ®F 

^CPS 

Fuel flow (turbine meter) , cps 
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Figure 29* Typical Engine Test Results Suinmary. 





The BPA. emissions standards are expressed in terms of a 
parameter that integrates the emissions rates at the engine idle, 
approach, climbout, and takeoff operating modes over a specific 
landing and takeoff cycle. The equation used to calculate the 
BPAP is exactly that specified in the SPA emissions standards 
(Ref. 1) for Class T1 engines. The following expression, in terms 
of the emissions indexes (El) at each mode, was used to calculate 
the EPA parameters for HC, CO, and NOj^: 

EPAP . 0.265U 4- 0.12252 

. 0.18823 + 0.04253 

The program produced curves of the combustor pressure and 
temperature and the three pollutant indexes versus measured fuel/ 
air ratio. The El at each mode was known at the model engine, 
standard-day values of fuel/air ratio. The indexes were then 
corrected using the pressures and temperatures at the standard 
values of fuel/air ratio. The following expression was used to 
correct the HC and CO indexes from the engine data for pressures 
different than the standard. 

®^CORR. “ ®^MEAS. 

T3 STD. 

where: 

EX » Emissions index of CO or HC for use in BPAP cal- 
culation 

Pj 2 ® Combustor inlet total pressure, kPa 

The NOj. emissions indexes from the engine data were corrected 
as follows *for the effects of inlet pressure, temperature, and 
humidity. 


^(T^3 stD.-'^T3 MEAS.^/^®® 
g 19 (”mEAS.-^STD.) 

where; 

El » Emissions index of for use in EPAP calculation 
p ^2 “ Inlet total pressure, kPa 
t ^2 ® Inlet total temperature, *K 
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H = Inlet specific humidity, g H20/g air 
HgTD ® 0.00634 g H20/g air 

V = Pressure-correction exponent 

The pressure-correction exponent was input as 0.5. The standard- 
day conditions are given in Table XV. 

TABLE XV. MODEL TPE731-2 ENGINE DESIGN DATA, SEA-LEVEL 
STATIC, STANDARD-DAY CONDITIONS. 


Engine Mode 

Net 

Thrust f 
kN 

Fuel 

Flow 

kg/hr 

Combustor 
Inlet Total 
Temp . , K 

Combustor 
Inlet Total 
Press., kPa 

Combustor 

Fuel/Air 

Ratio 

Taxi-idle 

0.9 

H|9s 

369.9 

202.1 

0.0105 

Approach 

4.7 


504.5 

531.8 

0.0115 

Climbout 

14.0 

667.6 

665.9 

1301 

0.0147 

Takeoff 

15.6 

754.3 

684.6 - 

1425 

0.0154 









CHAPTER III 


RESULTS AND DISCUSSION 
A. - INITIAL COMBUSTOR CONFIGURATIONS 


Two combustion system concepts underwent test evaluation 
during Phase III of the program. The two combustion systems are 
referred to as Concept 2 and Concept 3 to be consistent with hard- 
ware nomenclature from Phases I and II. 


Concept 2, shown in Figure 31, used variable geometry as a 
means of controlling emissions. The airflow through each of the 
20 equally spaced dome air swirlers was controlled by a butterfly 
valve whose housing had been brazed to the swirler. The valves 
were adjusted to maintain the proper primary-zone equivalence 
ratio to minimize emissions levels at each specific power setting. 
Fuel was injected into the combustor through 20 piloted airblast 
fuel nozzles located in the center of the dome swirlers. The 
pilot nozzles were simplex pressure atomizers. The remainder of 
the combustor was conventional in design with stacked wall panels, 
film cooling of the liner walls, and plunged primary and dilution 
orifices. 

Concept 3, shown in Figure 32, used axially staged fuel 
injection as the method of emission control. Twenty piloted air- 
blast fuel injectors were used to fuel the pilot zone, which 
occupied approximately 43 percent, by volume, of the combustor. 
This fuel was injected axially. Forty air-assisted pressure atom- 
izers were used to fuel the main combustion region, located down- 
stream and adjacent to the pilot zone. This fuel was injected 
radially through the liner outer wall at 40 equally spaced loca- 
tions around the circumference. The pilot zone operated at all 
power settings and was designed with a rich equivalence ratio to 
produce minimum emissions at taxi-idle. The main combustion zone 
began operation prior to the approach power point and was designed 
to operate with a lean equivalence ratio for low NOx levels at the 
high power settings. The system was designed such that the hot 
gases exiting the pilot zone acted as an ignition source for the 
main combustion region. 

!• Concept 2 - The Concept 2 design for Phase III was based 
on the conf iguration that produced the best overall emissions and 
combustion performance results during Phase II. This was t-.ie 
Optimization Test No. 1 configuration as designated during 
Phase II. This design, when rig and engine tested in Phase II, 
produced the following emissions results: 
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Figure 32. Concept 3 Combustor Configuration. 
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Type of 
Test 

Rig Test** 
Engine Test** 
Program Goals 


Taxi-idle El 
HC 

g/kq fuel 
3.9 
3.4 
6.0 


Taxi-idle El 
CO 

g/kg fuel 
42.9 
22.2 
30.0 


Takeoff EI„ 
N0„ * 

q/kq fuel 

6.8 

11.5 

7 . 0 , 10 . 0 * 


*NO goal of 7.0 for rig inlet conditions and 10.0 for engine 
conditions. 

**Airblast nozzles used at takeoff and pressure atomizer used at 
taxi-idle. 

The engine test data indicated that the design met the HC and CO 
goals but was high on NO„. The Phase ill design philosophy was to 
leave the taxi-idle combustor configuration unchanged, but to 
increase the capacity of the swirlers that had airflow controlled 
by the valves. This was done to produce a leaner reaction zone at 
takeoff and climbout in order to lower the NO levels. Therefore, 
the Phase III combustion liner was identical to the Phase II 
Optimization Test No. 1 configuration. The system design changes 
were in the swirler-valve assemblies and in the fuel-nozzle 
design. 

The swirler for the Phase ill system was redesigned. The 
inner portion of the counterrotating double swirler was identical 
to the Phase II design. This kept the aerodynamics the same as 
for Phase II hardware. However, the outer diameter of the outer 
swirler was increased until it was approximately equal to the 
channel height of the combustor, which was the limiting con- 
straint. 

It was discovered during Phase II that small amounts of leak- 
age through the variable-geometry valves at taxi-idle operation 
produced dramatic increases in HC and CO levels, and that the 
successful tests were accomplished when the valves were sealed 
with a high-temperature silicone rubber material. However, this 
prevented the cycling of the valves and limited testing. To eval- 
uate high-power points required the rig be disassembled, the 
sealant removed, and the valves manually set to the open position. 

The Phase III variable-geometry valve assembly consisted of a 
new design that permitted positive sealing. The assembly incor- 
porated a butterfly arrangement that utilized a piston ring seal. 
The swirler-valve assembly is shown in Figure 33. Twenty of these 
assemblies were attached to the combustor dome, as shown in 
Figure 34. The individual valves were connected through linkages 
to a unison ring that was translated by a hydraulic actuator using 
jet fuel as the working fluid. The hot-end assembly with the 
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unison ting and actuator is shown in Figure 35. An electronic 
control unit was used to precisely set the valves at positions 
ranging from closed to fully open. 


I 
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Two different sets of fuel injectors were used during the 
Phase II engine test of the Optimization Teat No. 1 configuration. 

At the taxi-idle point, pressure atomizers with a flow number* of . , 

1.0 were used. Alrblast fuel Injectors were utilized at the 

higher power settings. This combination of fuel injection gave ^ 

the lowest emission levels; therefore, for Phase III a piloted- 

airblast fuel-injector configuration was designed and developed by 

Delevan Manufacturing Inc. and supplied to AlResearch for testing. 

The pilot nozzles consisted of 0.7 flow number pressure atomizers 

that were integrally mounted in the bodies that housed the ait- , 

blast nozzles. Each Injector had separate fuel lines for the 

pilot and the airblast. A standard Model TPE731 flow-divider 

valve was used to regulate the flow split; however, the valve was 

modified with a bypass loop to allow for variations in the valve 1 

crack point. A photograph of one of the piloted airblast injec- ^ 

tors is shown in Figure 36. ’ 

2. Concept 3 - The design of the staged combustor was based ! 

on the development tests of the Phase 11 premix combustor. The 
pilot zone, located immediately upstream of the main combustion 
zone, was swirl stabilized and utilized 20 air-assisted airblast 
nozzles Inserted through the combustor dome. The swirler used for 
all testing was a radial-flow design, which gave the strongest 
ignition source for the main combustion zone in Phase II. The , 

pilot nozzles used for the initial test configuration gave the 

highest efficiency at taxi-idle in Phase II. The pilot zone uti- 
lized a high equivalence ratio at taxi-idle to minimize HC and CO ‘ 

emissions. At higher power settings, the pilot-zone equivalence 
ratio was reduced as much as possible to minimize NO emissions I 

and still maintain an adequate ignition source for the main com- ■ 

bustion zone. The pilot-zone volume was increased to 13 percent 
over the Phase II design by enlargement of the primary-zone chan- 
nel height. This was done to provide an increased residence time 
to minimize CO and HC emissions at idle. 

At high-power conditions, the main-zone fuel was injected 

directly into the combustor immediately downstream of the pilot 
zone by means of 40 air-assisted pressure atomizers. Each fuel 
nozzle was inserted through a tube; the 40 tubes injected 24 per- 
cent of the inlet air into the main zone to provide a lean reaction 
zone to minimize NO emissions. This design differed signifi- 
cantly from the Phas& II premix combustor, where the main fuel was 
injected into an annular passage with simplex atomizers. The 
annulus was connected to 40 chutes that introduced the fuel-air 
mixture into the combustor at the same location as the Phase III 
main fuel nozzles. The preraixing annulus was eliminated because 
the Phase II results showed little premixing was occurring. in the 

*Puel Plow in PPH//Fuel Pressure in PSID 
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annulus. Also, eliminating the annulus and chutes simplified the 
combustor construction and precluded flashback within the chutes. 
The Phase II and III initial configurations are compared in 
Figure 37. 

B. - COMBUSTION RIG TESTS 


The original intent of the Concept 2 rig testing was to check 
out the hardware that was to be used in engine testing. However, 
difficulties with the fuel-nozzle performance and sealing of the 
dome swirlers to the combustor necessitated a short development 
program prior to the system being acceptable for engine testing. 
The Concept 2 design approved for engine tests produced a simu- 
lated takeoff NOx level of 7.4 g/kg fuel. At the taxi-idle condi- 
tion, the HC and CO values were 18.2 and 40.5 g/kg fuel, respect- 
ively. All three of these values exceeded the program goals. 
However, as a result of difficulties encountered in data correla- 
tion between rig and engine testing, it was decided to proceed to 
engine testing at this point. A subsequent taxi-idle rig test of 
a further modified design produced HC and CO values of 3.2 and 
21.9 g/kg fuel, respectively, which meet the program goals. 

The Concept 3 staged combustion system produced NOx levels at 
takeoff below the program goals (but higher than Phase II results) 
while maintaining a combustion efficiency equivalent to that of 
the production system. High efficiencies were also achieved at 
the taxi-idle condition without the use of air assist, and at the 
approach condition by minimizing the main-stage fuel flow. Smoke 
emissions at approach and climbout were well below the visible 
limit, but could only be measured at reduced pressure at the 
climbout condition. 


The emissions results for the best overall configuration are 
tabulated below for both concepts. The program rig-test goals ate 
also shown for comparison; 


Concept 

Concept 2* 
Concept 3 
Program Goals 


Taxi-Idle El 
HC 

q/kq fuel 

3.2 

1.5 

6.0 


Taxi-Idle El 
CO 

q/kq fuel 

21.9 

25.3 

30.0 


Takeoff El 
NOx 

q/kq fuel 

6.5 

5.1 

7.0 


*Taxi-idle data from 8-10-79 test, takeoff data from same 
combustor with a different fuel nozzle design tested on 3-23-79. 


1. Concept 2 - Conf iqurations and Emission Results - During 
this phase, eight rig tests were performed on Phase III hardware. 
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Figure 37. Concept 3 Combustor Configurations. 
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and two were performed with modified Phase 11 hardware. These 
latter tests were used to determine the NO^ reduction at the high- 
power points that could be anticipated with the new swirler 
design. The configuration of each of the tested designs is 
described in Table XVl, and the emissions levels attained are sum- 
marized in Figure 38. A brief description of the configurations 
and the test results is presented in the following paragraphs. 
The complete test results are included in Appendix B. 

a. Modified Phase 11 Hardware, Rig Test Wo. 1 - To obtain 
preliminary test information on the Phase 111 design, a brief 
serins of tests was planned to evaluate the effects of air added 
through the dome of the combustor at high-power operation. 
Phase II, Concept 2 hardware was used for these tests, and the 
intent of the modifications was to approximate progressively 
increased-airf low dome swirlers. 

The first of these tests was run on the configuration shown 
in Figure 39. The combustion system was identical to the Optimi- 
zation Test No. 1 configuration, with the addition of 3.1 mm wide 
slots in the form of arcs in the dome of the combustor surrounding 
the swirlers. This additional area in the dome was equivalent to 
the area added to the outer swirlers of the Phase III, Concept 2 
design. The purpose of the extra area was to produce a leaner 
primary zone at the high-power settings, thereby resulting in a 
lower NOx level. 

The combustion system was tested at climbout and takeoff with 
the valves in the 90-degree (full-open) position. No variable- 
geometry linkage was installed, and the Phase 11 airblast nozzles 
were operated without assist air. The results of the takeoff test 
are shown below, along with Phase II Optimization Test No. 1 data 
for comparison; 



Takeoff 

Emissions Indexes 



HC 

CO 


CO 2 


q/kq fuel 

q/kg fuel 

q/kg fuel 

% 

Mod of Opt. No. 1 

0.47 

9.94 

7.66 

3.10 

Opt. Test No. 1 





(Phase 11) 

0.50 

2.14 

6.78 

3.36 


The da a indicated that HC remained essentially unchanged, 
but that CO increased four times over the Optimization Test No. 1 
results. CO 2 was down 8 percent. Even though NOx showed an 
increase of 12 percent, this is somewhat misleading. A comparison 
of the measured NOx levels shows 81.8 ppm. for the modified com- 
bustor, and 78.0 ppm for Optimization Test No. 1 — a 4-pe;;cent 
increase. The high NOx El results, in part, from the decreased 
CO 2 and the increased CO El, which has a significant effect on the 
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TABLE XVI. CONCEPT 2 RIG TEST CONFIGURATIONS. 


Rig Test 
Number 

Modification 

(Compared to Phase II Refinement Test No. 1) 

1. 

New piloted airblast fuel nozzle with 0.7 flow- 
number pilots (counterrotating swirlers) 


New swirler-valve assemblies with larger outer 
swirlers and piston ring seals on the valves 

2. 

Modified pilot nozzles with the flow number ! 

increased to 1.0 i 

3. 

Combustor swirlers sealed to dome ! 

4. 

Scoops added to valve housings 

5. 

Inner swirlers on airblast fuel nozzles blocked 

6. 

All of swirler air blocked on the airblast fuel 
nozzles. 

7. 

New piloted airblast nozzle design used with 
lower airflow swirlers (corotating) 


Inner swirlers of the combustor swirlers 
blocked. 

8. 

Combustor swirlers were resealed to dome 
(repaired damaged seals) . 


Removed blockage of combustor inner swirlers. 














Figure 39. Combustor Schematic Showing Dome Slots Added 
to the Phase II, Concept 2 Optimization 
Test No. 1 Configuration. 



NO El calculation. All other combustor-performance parameters 
wefe satisfactory and in accord with the Optimization Test No. 1 
results. 

Teardown inspection revealed carbon buildup on the face of 
all 20 nozzles. The carbon was uniform in thickness (approxi- 
mately 1.3 to 1.5 mm), and covered nearly all of the exposed 
nozzle surfaces. The remainder of the combustor was clean with no 
carbon deposits. The Optimization Test No. 1 system had no carbon 
buildup on the nozzles when run at the same conditions. 

The airflow through the newly added slots apparently dis- 
rupted the reaction zone, causing a portion of the fuel-air mix- 
ture to wash against the fuel nozzle faces thereby producing the 
carbon buildup. This disruption also decreased the residence time 
of at least a portion of the reacting gases, which resulted in a 
four times increase in CO and a decrease in CO,. The decrease in 
residence time was not of sufficient magnitude'^ to cause a reduc- 
tion in NO , and apparently the air injected through the slots did 
not effectively lower the reaction-zone equivalence ratio, as this 
would also have produced a NO^^ reduction. 

b. Modified Phase II Hardware Rig Test No. 2 - The second 
design modification involved returning the combustor to the 
original Optimization Test No. 1 configuration by tack welding 
shimstock patches over the dome slots that were added for the 
first modification. Every other dilution hole was covered with a 
shimstock patch. This produced a calculated primary-zone equiva- 
lence ratio (</>__) equal to that of the first modification, but 
with primary-zone aerodynamics very similar to that of the Optimi- 
zation Test No. 1 combustor. This d> was also equal to the cal- 
culated (f> for the Phase III combustor. A schematic of the com- 
bustor is^shown in Figure 40. 

The combustion system was evaluated at climbout and takeoff 
with the valves in the 90-degree (full open) position. No 
variable-geometry linkage was installed, and the Phase II airblast 
nozzles were operated without air assist. The results of the 
takeoff test are presented below, along with data from the first 
modification test and the Phase II Optimization Test No. 1 config- 
uration for comparison: 
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Takeoff Emissions Indexes 


HC 

q/kq fuel 


CO 

q/kq fuel 


NO^ 

q/kq fuel 


Mod 2 of Opt. No. 1 

0.13 

4.89 

Mod 1 of Opt. No. 1 

0.47 

9.94 

Opt. Test No. 1 



Phase II) 

0.50 

2.14 


6.29 

7.66 

6.78 


The second modification produced a 7-percent reduction in 
takeoff NO while the CO level approximately doubled compared to 
Phase II data. However, the combustion efficiency from emissions 
of the second modification was 99.9 percent. 


The data from this test were input into the EPAP program, 
using the taxi- idle and approach data from the Phase II engine 
test on the Optimization Test No. 1 combustion system with pres- 
sure atomizing fuel injectors. The NOx EPAP was calculated by 
using a pressure-correction exponent of 0.5. The test values 
(compared with the program goals) are shown below: 


EPAP 

(lb/1000 lb thrust-hr/cycle) 

HC CO NOjj 

Mod 2 of Opt Test No. 1 0.95 6.35 3.86 

Program Goals 1.60 9.40 3.70 

This configuration met the HC and CO goals with considerable 
margin, and was close to meeting the NO^^ goal. 

c. Concept 2 - Phase III Hardware Rig Test No. 1 - The 
first combustion test on Phase III hardware consisted of running 
all EPA power-setting points and an altitude-cruise point. Para- 
metric testing was limited to evaluating the effect of valve posi- 
tion on approach emissions; and the effect of fuel-flow split 
between the pilot and airblast secondary fuel nozzles on emissions 
at taxi-idle, approach, and takeoff. The combustion system is 
shown in Figure 41. 

Upon completion of this testing, a rig-assembly problem was 
discovered and several fuel nozzles were found to produce either 
low-flow rates or distorted spray patterns. The nozzles were 
cleaned, the assembly problem corrected and the test was repeated. 
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2 Phase III Hardware Rig Test «o- 
Figure 41 . 'configuration. 
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During the subsequent testing r purge cooling air was used to 
reduce the possibility of further fuel coking. With no fuel flow- 
ing , high-pressure (purge) air at ambient temperature was blown 
through the fuel manifold to maintain low-metal temperatures prior 
to ignition. When fuel to the pilots was to be discontinued, 
purge air was initiated prior to fuel cut off. In addition, pilot 
fuel flow was maintained at or above 45.4 kg/hr to ensure adequate 
fuel pressure to supply each nozzle and produce low-fuel residence 
time in the nozzles. 

The emissions indexes (El) are shown below, along with the 
program goals: 


Phase III Rig Test No. 1 
Program Goals 


Taxi-Idle El 


HC 

q/kg fuel 

181.5 

6.0 


CO 

q/kq fuel 

119.8 
30.0 . 


Takeoff El 

g/kq fuel 

7.49 

7.0 


Po.llowing the test, many of the nozzles were again found to be 
plugged (one of the secondary airblast nozzles had very low flow, 
which resulted in -the poor emissions values at the high-power set- 
tings) . 


To prevent further nozzle plugging problems, it was decided 
to modify the pilot nozzle design. It was believed that the pilot 
fuel-flow problems stemmed from small metering slots in the fuel 
distributor (on the order of 0.1 mm). Specific modifications 
included increasing the pilot flow number from 0.7 to 1.0, and 
decreasing the number of metering slots from three to two. This 
produced metering slots with a square cross section, with a mini- 
mum dimension on the order of 0.3 mm. 


d. Phase III Hardware Rig Test No. 2 - Prior to this test, 
Delavan modified the nozzles by increasing the flow number of the 
pilots to 1.0 and changing the pilot nozzle to a simplex, pressure 
atomizer assembly that screwed into the nozzle body. The simplex 
nozzle, which was similar to the pilot nozzle used in Phase II, 
used a less efficient fuel-metering distributor than the original 
design, thereby requiring an increase in the size of the fuel- 
metering slots. This increase, together with the required 
increase to accommodate the larger flow number, resulted in nozzle 
hardware with a greatly reduced tendency for carbon fouling, 

A rig test was performed using the modified fuel nozzles and 
the same combustor configuration that was used in Rig Test No, 1. 
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Eleven test points were evaluated^ including three at the taxi~ 
idle inlet conditions with the valves shut and operating on pilots 
fuel nozzles only. 

At the taxi-idle point there was only a slight improvement in 
HC from the previous test with the original pilot-nozzle design, 
with CO essentially unchanged. The taxi-idle point was repeated 
at the end of the high-power testing to determine if there was a 
variation with "hot" hardware. The data repeated almost exactly. 
Finally, a test was run at the taxi-idle inlet conditions with a 
22.7 kg/hr increase in fuel flow (28-percent increase) to deter- 
mine the effect of fuel/air ratio on combustion efficiency. The 
combustion efficiency was still less than 94 percent. The HC, CO, 
and combustion efficiency for these taxi-idle points, together 
with the results of the previous test with the unmodified nozzles 
and the program goals, are shown below; 


Taxi-Idle 

Emissions 

Indexes 

HC 

CO 

Combustion 

g/kg fuel 

g/kg fuel 

Eff, % 


Rig Test No. 1 

181.5 

119.8 

81.5 

Rig Test No. 2 

125.5 

116.8 

• 

VO 

00 

Rig Test No. 2, rerun 

122.8 

125.2 

86.3 

Rig Test No. 2, 22.7 kg/hr 
increased fuel flow 

46.0 

88.8 

93.9 

Program Goals 

6.0 

30.0 

99.0+ 


At the simulated takeoff conditions, three fuel-flow splits 
(primary-secondary) were evaluated with pilot flows of tS.l, 71.7 
and 95.7 out of a total of approximately 213.2 kg/hr. The fuel- 
flow splits had little or no effect on emissions levels, which were 
similar to those measured on Rig Test No, 1 while running on 
secondaries only. These results are shown below, along with the 
program goals: 
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Takeoff 

Emissions 

Indexes 

k 



HC 

CO 

NO^ 

f ' 



g/kg fuel 

g/kg fuel 

g/kg fuel 

r, 

\ , 


Rig Test No. 1, 

Secondaries only 

0.64 

7.40 

6.46 

1 ' 


Rig Test No. 2, 

48.1 kg/hr primary 

0.07 

9.78 

6.58 

1 

1 


Rig Test No. 2, 

71.7 kg/hr primary 

0.01 

10.18 

6.51 

5 


Rig Test No. 2, 

95.7 kg/hr primary 

0.03 

10.07 

6.51 



Program Goal 

— 

— 

7.00 


e. Phase ill Hardware Rig Test No« 3 - Based on experience 
from Phase II where small amounts o£ air leakage in the vicinity 
of the swirlers and fuel nozzles produced high HC and CO levels at 
the taxi-idle conditions, it was decided to seal the variable-geo- 
metry swirler-valve assemblies to the combustor dome. A high- 
temperature-resistant (811 K) silicon base material with some 
flexibility was used as a sealant, and t*'-^ sealed area was covered 
with shim stock to protect it from direct flame contact and radia- 
tion (see Figure 42). This configuration was then tested on pilot 
nozzles only at the taxi-idle conditions with the valves shut. 
The emissions results of this test, together with the results from 
the previous test and the program goals are shown below: 


Taxi-Idle Emissions Indexes 


1. Rig Test No. 3, 

sealed swirlers 

2. Rig Test No. 2 

3. Program goals 


HC 

g/kg fuel 

68.4 

125.5 

6.0 


CO 

g/kg fuel 

107.5 

116.8 

30.0 


Combustion 
Eff, % 

91.5 

86.2 

99.0+ 


The test data revealed an approximate 50-percent reduction in 
HC from the last test, while CO remained essentially unchanged. 


AS a result of the low combustion efficiency at the taxi-idle 
conditions (with hardware that was designed to be similar to the 
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Phase II hardware that produced low taxi-idle emissions) a direct 
comparison was made between the two sets of hardware. Both com- 
bustors were dimensionally inspected in detail and the effective 
flow area of each row of orifices and cooling holes was deter- 
mined. The fuel nozzles were compared to the pressure atomizers 
used at the end of Phase II with respect to droplet size and cone 
angle, both with and without shroud and swirler airflow. Also, 
the possibility of increased valve body housing size causing 
increased blockage and distorted flow to the small inner swirler 
was evaluated. 

Dimensionally, both combustors were within print tolerances. 
The location cf the rows of orifices were essentially identical. 
Determination of the effective area of these rows of orifices 
revealed that with the exception of the inner cooling band at the 
discharge of the combustor, the effective areas were also essen- 
tially identical. The difference in area of the discharge inner 
cooling band is assumed to have no appreciable effect on emission 
production. The results of these flow tests are included in 
Appendix A. 

The Phase III piloted-airblast nozzle swirler had 91 percent 
more open area than that of the Phase II pressure atomizer which 
was used in the Phase II engine test that demonstrated low-idle 
emissions. The fuel-spray pattern of the Phase III pilot nozzles 
was similar to that of the Phase II pressure nozzles, and both 
spray cones had a tendency to collapse as the nozzle swirler air- 
flow was increased. 

f. Phase III Hardware, Rig Test No. 4 - It was decided to 
determine whether the increased blockage of the swirler valve 
housings was causing the low combustion efficiencies of Test No. 3 
by distorting the airflow to the combustor inner swirlers and 
fuel-nozzle swirlers. The valve housings were modified by adding 
a scoop to the downstream side of each assembly, thereby producing 
a larger capture area for the swirlers. In addition, two fuel 
nozzles were each instrumented with four static-pressure taps 
90-degrees apart to measure the distortion of air flowing into the 
swirlers. The two instrumented nozzles were installed 90-degrees 
apart to determine circumferential variation in the swirler feed 
air. One of the two igniters was replaced with a probe to deter- 
mine the static pressure inside the combustor. This was used to 
determine the static pressure loss across the swirlers for the 
purpose of calculating swirler airflow. 

Two test points were run with this configuration; taxi-idle 
and approach. The taxi-idle emissions results are shown below, 
together with the results of the previous test without scoops and 
the program goals for comparison: 
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Taxi-Idle Emissions Indexes 


HC 

g/kg fuel 

Rig Test No. 4 with scoops 194.7 

Rig Test No. 3 without scoops 68.4 

Program Goals 6.0 

The static pressure on the instrumented fuel nozzles was 
almost identical, showing no distortion or circumferential vari- 
ation. The static pressure loss across the swirlers was 
4.6 percent, indicating adequate feed. The HC level was increased 
by 190 percent, and CO by 50 percent. 

g. Phase III Hardware, Rig Test No. 5 - The significant 
increase in emissions levels in Rig Test No. 4, and the uniformity 
of the air feed to the dome, indicated that the reaction was too 
lean in the vicinity of the fuel-injection points and the next 
modification involved blocking the inner swirler of the fuel 
nozzles. This produced a nozzle-swirler effective area closer to 
that of the pressure atomizer used in Phase II. The scoops were 
maintained to ensure even air feed, and the instrumented fuel 
nozzles were also used. 

This configuration was tested at three taxi-idle points; two 
with decreased airflows, and at climbout. 

The taxi-idle emissions values are shown below: 


q/kg fuel 

152.9 

107.5 

30.0 


Rig Test No. 5 

Rig Test No. 5 

(18.7 percent lower airflow) 

Rig Test NO. 5 

(29.2 percent lower airflow) 

Rig Test No. 4 

Program Goals 


Taxi-Idle Emissions Indexes 


HC 

a /i<g Msl 

94.3 

24.4 

7.3 

194.7 

6.0 


CO 

q/kg fuel 

114.9 

4 9 .-4- 

27.1 

152.9 
30.0 
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Reducing the airflow through the nozzle swirlers brought the 
idle emissions close to the values attained before the scoops were 
added. However, the reduced airflow test data indicated that 
reductions in emissions could be achieved by further enriching of 
the reaction zone. 

At climbout, the results were as follows: 


Climbout Emissions Indexes 


Rig Test No. 5 
Rig Test No. 3 


h. Phase III Hardware. Rig Test No. 6 - As a result of the 
improved taxi-idle emissions levels demonstrated with partially 
blocked fuel-nozzle swirlers during the previous test, the next 
test configuration involved running with all of the fuel-nozzle 
swirlers blocked. This configuration was not considered a viable 
engine system since no airflow would be available to atomize the 
fuel of the airblast secondaries. However, the purpose of the 
test was to determine if further reductions in taxi-idle emissions 
were attainable with an increased reaction-zone fuel/air ratio. 

The combustion system was tested at five taxi-idle points. 
Two of the points had increased fuel flow to simulate a richer 
reaction zone while maintaining a constant reference velocity. 
Two other points were run with the taxi-idle fuel flow and reduced 
airflow rates to produce a richer reaction zone with a decreased 
reference velocity. The actual taxi-idle emissions are presented 
below, together with the results of the previous test and the pro- 
gram goals for comparison: 


Taxi-Idle Emissions Indexes 



HC 

CO 


q/kg fuel 

q/kq fu< 

Rig Test No. 6 

11.8 

44.5 

Rig Test No. 5 

94.3 

114.9 

Program Goals 

6.0 

30.0 


A significant reduction in both HC and CO was demonstrated 
with this configuration. Figure 43 illustrates the trends of HC 
and CO as a function of fuel/air ratio, and shows that further 
reductions in these pollutants are possible by enriching the 
reaction zone. The figure also shows that decreasing reference 
velocity had no significant effect on pollutant formation. 

Inspection of the combustion systtm after disassembly 
revealed that the airblast switler passages of all 20 fuel nozzles 
were plugged with carbon. Attempts to clean the nozzles were 
unsuccessful. The nozzles were returned to Delavan where a new 
tip design was installed. This tip had corotating airblast 
swirlers as opposed to the counterrotating design used in the 
previous configuration. Airflow measurements on the nozzles indi- 
cated an effective area reduction of 16 percent compared to the 
previous design. The 1.0 flow number pressure atomizers were 
retained as pilot injectors. 

i. Phase III Hardware, Rig Test No. 7 - The next modifica- 
tion involved blocking the combustor inner swirlers. The new fuel 
nozzles were used unmodified. This resulted in a 26-percent 
reduction in the effective area over the previous configuration, 
thus producing a richer reaction zone. Additionally, this config- 
uration allowed operation at the high-power points on the airblast 
portion of the nozzles. The possible drawback to this design was 
that during Phase II (while using the smaller airflow fuel 
nozzles) low taxi-idle emission levels were unattainable without 
the use of combustor inner swirlers. 

The combustor was tested at the four LTO power-setting points 
and one additional taxi point with elevated fuel flow. At the 
taxi and approach points, the valves were closed. At climbout and 
takeoff the valves were full open. The taxi-idle emissions levels 
are shown below, together with the results of the previous config- 
uration and the program goals for comparison: 


Taxi-Idle El 


HC CO 
g/kq fuel q/kq fuel 

Rig Test No. 7 18.2 40.5 
Rig Test No. 6 11.8 44.5 
Program Goals 6.0 30.0 


The configuration showed a slight improvement in CO but an 
increase in HC. This HC increase is thought to have occurred 
because of the quenching effect of the nozzle airflow, which was 
blocked in the previous configuration. 
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NOjj El 
g/kg fuel 


Rig Test No. 7 
Rig Test No. 3 
Program .Goal 


Climbout 

6.7 

6.1 


Takeoff 

7.4 

6.6 

7.0 
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Taxi-’idle Emissions Indexes 


HC 

CO 

q/kg fuel 

g/kg fuel 


] . 

Rig Test No. 8 

3.3 

21.9 

2. 

Rig Test No. 7 

18.2 

40.5 

3. 

Program Goals 

6.0 

30.0 

The 

data shows that 

this configuration met 

the taxi- 


emission goals for both HC and CO. 

2, Concept 3 ■- Configurations and Emissions Results - The 
Phase III modifications to the Phase II configuration are listed 
in Table XVII along with the two modifications that were made to 
the initial configuration. The emissions results obtained in each 
of the three tests are given in Figure 44. Testing was conducted 
to select the pilot zone that gave the optimum degree of pilot- 
zone mixedness. The optimum configuration sought would produce 
high efficiency at taxi-idle and a strong ignition source for the 
main combustion zone at high-power conditions. The objective of 
testing each modification was to obtain the optimum fuel-flow 
split between the pilot- and main- combust ion zone at each of the 
three high-power conditions. The optimum fuel split produced 
pilot-zone exit temperatures high enough to ignite the main fuel 
and produce high efficiencies, but sufficiently low to minimize 
the pilot-zone emissions. 

a. Test No. 1 - A cross-sectional drawing of the baseline 
configuration is shown in Figure 45. The main fuel nozzles con- 
sisted of 40 equally-spaced, air-assisted pressure atomizers with 
flow numbers of 0.7. They were inserted into individual air tubes 
that fed 24 percent of the inlet airflow into the combustor at the 
axial mid-point. The pilot zone at the dome of the combustor was 
fueled by 20 air-assisted airblast nozzles inserted axially 
through the combustor endplate. The swirlers were of the radial- 
inflow type, and were the result of extensive testing in Phase II 
to select the swirler that produced the highest efficiency^ The 
swirlers were sized to produce a pilot-zone equivalence ratio of 
0.8 at taxi-idle. 

The HC and CO values obtained at the taxi-idle condition are 
presented in Figure 46 as a function of air-assist pressure. Also 
given are the best results of Phase II. The HC and CO emissions 
goals were achieved with less (140 kPa) air— assist differential 
pressure than that required in Phase II. The improvement can be 
attributed to the larger pilot-zone volume. 
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TABLE XVll. CONCEPT 3 TEST CONFIGURATIONS. 


Test No. 


Modification (Comparison to Phase II Conf iauration 


Premixing eliminated; main fuel is injected by 
air-assisted pressure atomizers, insetted through 
individual air tubes, directly into the combustor. 

The dilution orifices were removed from the 
combustor liner and placed in the inner and outer 
transition liners to provide more residence time 
for the main zone. 

The primary zone volume was increased 13 percent to 
provide a stronger ignition source for the main 
zone combustor. The liner cooling airflow in the 
dilution zone was reduced. 


Dilution orifices placed back in combustor liner. 


Pilot nozzles changed from air assisted airblast to 
simplex pressure atomizers. 
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The combustion efficiency at the approach condition was the 
highest of any configuration tested in Phases II or III. The 
efficiency as a function of pilot-main fuel-flow split is plotted 
in Figure 47. The improvement in efficiency was probably due to a 
36-percent increase in main-zone combustion residence time (due to 
moving the dilution orifices downstream), and also to the larger 
pilot-zone volume that would have created a better Ignition source 
for the main stage resulting in a higher efficiency. 

The amount of main-stage fuel flow was varied from 60 to 80 
percent of the total fuel flow at the takeoff condition to evalu- 
ate the effect of the pilot-main fuel-flow split. NO emission 
values and combustion efficiency at takeoff are plotted versus 
fuel flow split in Figure 48. The efficiency met the require- 
ments; however, the NO levels exceeded the goals. Furthermore, 
the NO emissions increased with increasing main-stage fuel flow, 
indicating that the principal source of NO was the main stage. 
The majority of the NO emissions was formed in the pilot zone in 
Phase II. The effect *of air assist on the main nozzles was to 
lower NOjj emissions by 11 percent at a pressure of 345 kPa. 

Post-test teardown revealed erosion of the main nozzle tips. 
Nozzle tips with a higher flow number (1.0) were used as replace- 
ments. 

The high NO levels of the first test indicated inadequate 
mixing was occurring in the main stage; the average droplet size 
produced by the main nozzles was not sufficiently small to produce 
a well-mixed, lean reaction zone. 

b. Test No. 2 - A cross-section view of the second test 
configuration is given in Figure 49. The dilution orifices were 
removed from the transition liners and placed in the combustor 
liner at the same location as in Phase II. This was done to 
decrease the NO levels produced by the main stage by decreasing 
the reaction time. The pilot zone remained unchanged and produced 
identical results at taxi-idle as Test 1 (as shown in Figure 46). 

The reduction in residence time produced NO levels below the 
goal at takeoff (as shown in Figure 48). The trend, observed in 
Test 1, of increased NO with increased main-stage fuel flow was 
reversed, and therefore ^he main stage was no longer the principal 
source of NO emissions. The efficiency at the takeoff condition 
was unacceptable, and no further testing was done. 

The low efficiency at the takeoff condition indicated that 
the pilot zone was not igniting the main fuel sufficiently to 
allow complete combustion to take place in the available residence 
time. 
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MAIN STAGE FUEL FLOW, PERCENT OF TOTAL 


O PHASE I MOD 3 

PHASE II TEST 5 

0 TEST 1 NO AIR ASSIST 


□ TEST 2 NO AIR ASSIST 

A TEST 3 345 KPA 

AIR ASSIST 
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Figure 48. Effect of Fuel Flow Split on Combustion Efficiency 
and Emissions at Takeoff. 
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[ c. Test No. 3 - The degree of pilot-zone "mixedness" was 

I decreased for the final test in order to increase the strength of 

I the ignition source for the main zone. To accomplish this, the 

? pilot nozzles were changed from air-assisted airblast to simplex 

j pressure atomisers with a flow number of 0.7. The combustor is 

shown in Figure 49. 

I , The HC and CO emissions at taxi-idle were the lowest achieved 

with any configuration without the use of air assist. 

The NO levels without air assist were unchanged from those 
' of Test 2; however, with 345 kPa air assist the NO decreased 15 

j percent. The NO values with air assist were well below the 

i goals, and were less than half of the levels produced by the pro- 

j duction system. However, the values were higher than those 

1 achieved in Phases I or II. The combustion efficiency was compar- 

j able to the best achieved in Phase II because of the increased 

strength of the main-zone ignition source (see Figure 48) . Simi- 
\ lar results were obtained at the climbout condition. 

The SAE smoke number was measured to be 9.5 at the simulated 
climbout condition at one-third the full engine pressure and with 
I 80-percent main-stage fuel flow. No reliable correction is known 

I by the authors for the effect of pressure on Limoke produced by a 

I lean combustor, but the smoke number represents a significant 

I reduction from the baseline combustor value of 16 at rig condi- 

tions. 

In order to operate the rig at the same pressure as the 
engine at the approach condition, the pilot-nozzle tips were 
changed to a higher (1.0) flow number. Thus, a dual-orifice 
) atomizer would be required for engine testing of this configura- 

tion. The combustion efficiency measured at the approach condi- 
tion was not as high as in the first test because of the reduced 
' residence time, but the efficiencies were higher than Phase II 

1 data (see Figure 47). The smoke number was measured to be 14 at 

the approach condition, with 10-percent main-stage fuel flow. The 
baseline combustor smoke number was measured to be 38 at approach. 

' 3. Combustor Rig Performance - In addition to the gaseous 

emission measurements made on the various combustor configura- 
I tions, performance data were also taken. Pressure loss and 

pattern-factor data were taken and recorded for all test points by 
the digital acquisition data system. These parameters are pre- J 

sented in Table XVIII for the taxi-idle and takeoff points. The I 

values represent the pressure loss and pattern factor that oorres- I 

pond to the test point that produced the lowest emissions results. I 
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TABLE XVIII. SUMMARY, PRESSURE LOSS AND PATTERN FACTOR. 




W'z 

W-'k, 

ii 


Taxi-Idle 


Concept 2 


Phase II 

Hardware 

Test 

NO. 1 

Phase 11 

Hardware 

Test 

NO. 2 

Rig Test 

No. 1 



Rig Test 

NO. 2 



Rig Test 

NO. 3 



Rig Test 

NO. 4 



Rig Test 

NO. 5 



Rig Test 

NO. 6 



Rig Test 

No. 7 



Rig Test 

NO. 8 



Rig Test 

NO. 9 




Concept 3 


Spread 


Takeoff 

Pressure 

Temp 

Loss 

Spread 

AP/P, % 

Factor 


Test No. 1 


0.23 

4.0 

Test No. 2 

4.85 

0.18 

6.15 

Test No. 3 

1 

4.8 

0.16 

5.8 


0.155 


















Liner-wall temperature tests were performed at the simulated 
takeoff condition on the configuration selected for the first 
engine test. Stability and ignition tests were also run on this 
configuration. 

a. Pressure Loss - The present production combustion system 
has a pressure loss of 4.5 percent at the takeoff power setting, 
and the design criterion was to maintain this value as closely as 
possible for all configurations. The pressure loss on reverse- 
flow combustors is measured from the diffuser discharge (down- 
stream of a set of deswirl vanes) to the stator inlet. For 
Concept 2, the takeoff pressure losses ranged from 4.9 to 5.5 per- 
cent for the various configurations. Rig Test No. 8, which was 
selected for the Initial engine test, had a 5.5-percent value; and 
while this is higher than the goal, it was felt that the pressure 
loss could be reduced if engine tests had proved it necessary. 

The Concept 3 configuration that produced the best results. 
Test 3, had a 5.8-percent pressure loss. The reason for the high 
pressure drop is unknown, since the Phase III combustor had the 
same open area as in Phase II where the pressure drop was measured 
to be 4.0 percent. However, the pressure loss could easily be 
reduced by increasing liner area with a minimal effect on emis- 
sions. 


b. Exit Temperature Pattern Factor - The program goal for 
takeoff pattern factor is a value of 0.19 or less. Table XVIII 
indicates that the Concept 2 configuration selected for the ini- 
tial engine test. Rig Test No. 8, had a takeoff pattern factor of 
0.092, well below the program goal. 

The initial configuration of Concept 3 exceeded the pattern 
factor goal, as can be seen in Table Xl'IIl, because of the place- 
ment of the dilution orifices in the transition liners. The 
length available for the dilution jets to mix with the combustion 
gases was decreased 35 percent, and resulted in pattern factors 
greater than 0.3. When the dilution orifices were returned to the 
combustor liner, the pattern factors were within the goal. 

c. Combustor Durability - Temperature-sensitive paint was 
used to determine the acceptability of the Concept 2 Rig Test 
No. 8 combustor for engine testing. The outer panels of the com- 
bustor, shown in Figure 50, reveal uniform liner temperatures, 
which were also observed on the inner panels. The majority of the 
liner was below 950 K, with two small areas on the inner panel 
adjacent to the primary orifices having temperatures of 1089 K. 
These levels were considered satisfactory for the initial engine 
test. 
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Figure 50. Temperature Distribution, Combustor Outer Panel. 



Hot regions as high as 1200 K were observed on the Concept 3 
combustor in the primary zone, as shown in Figure f.l. The hot 
regions occurred near the swirlers and primary orifices, and can 
be attributed to the increase in combustor channel height, since 
that is the only change in the primary zone from Phase II. The 
pilot-zone liner temperatures were much less in Phase II. The 
Phase III combustor would require further development to meet the 
combustor life goals, such as a smaller channel height pilot zone, 
ceramic coatings, or additional cooling airflow. 

d. Ignition and Stability Tests - The Concept 2 Rig Test 
No. 8 system also underwent limited ignition and stability tests 
prior to initial engine testing to ensure its compatibility with 
engine operation. The results of the test are shown in Figure 52. 
Stability tests were run with the valves both fully open and 
closed. Ignition points were run with the valves closed. All- 
tests were made on pilot nozzles only. 

Fuel/air ratios required for ignition tended to be 25 to 50 
percent higher than the production configuration shown by the line 
in Figure 52. However, the Concept 2 combustor should be compati- 
ble with the engine start cycle, because the engine enrichment 
system results in ignition fuel/air ratios considerably above the 
line. Blowout fuel/ait ratios were close to the current produc- 
tion values, and this configuration was considered to have ade- 
quate stability for initial engine operation. A note of interest 
was that the combustor had better stability with the valves open 
tiian closed. Apparently, the high degree of swirl in the valve- 
open position more than compensated for the leaner reaction zone. 

No ignition or stability testing was performed on Concept 3 
because of the similarities in the primary zones of Phases II and 
III. The only change was in the channel height upstream of the 
primary orifices, which would improve the relight and stability 
limits due to longer residence times. The data obtained in 
Phase II was on both sides of the required limits, and it was con- 
sidered that the required performance could be achieved with 
normal development efforts. 

C. - ENGINE TESTS 

The main emphasis of Phase III was evaluation of the 
Concept 2 variable-geometry combustion system, on a 
Model TFE731-2 engine. In addition to gaseous and particulate 
emissions measurements, all facets of engine operation were to be 
undertaken to determine the compatibility of the Concept 2 combus- 
tion system with required engine performance levels. These test 
efforts were divided into three main areas: engine installation 
and initial testing; steady-state emissions and performance test- 
ing; and acceleration and deceleration testing. The procedures 
and facilities for each of these activities is described fully in 
Chapter II, Section F.2. 
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Ignition and Lean Stability Limits of the 
Concept II Combustor. 
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The final configuration tested produced the best overall 
emissions results, and these results are summarized below for the 


taxi-idle and 
parison: 

takeoff points 

along with the 

program goals for com- 


Taxi- 

■Idle El 

Takeoff El 

SAE 


HC 

CO 

N°x 

Smoke 


g/kg fuel 

g/kg fuel 

g/kg fuel 

No. . 

Concept 2 

0.5 

25.7 

15.2 

22.5 

Program Goals 

6.0 

30.0 

10.0 

40.0 


The Concept 2 system met the HC, CO, and smoke goals, but exceeded 
the goal for NO^^. 

Table XIX is a description of the various modifications 
evaluated during the engine-test portion of the phase, and 
Figure 53 is a bar chart that shows the taxi-idle and takeoff 
emissions levels for the corresponding test numbers. In all, nine 
engine tests were performed; one during initial testing, and eight 
during steady-state emissions and performance testing. Two of the 
combustor configurations underwe..t acceleration and deceleration 
testing. A brief description of these tests and the test results 
is given in the following paragraphs. The complete test results 
are given in Appendix B. 

1. Engine Installation and Initial Testing 

The combustion system evaluated in Rig Test No. 7 was 
selected for Engine Test No. 1. The first step of the initial 
test was a trial assembly of this hardware with mating engine com- 
ponents and the required minor modifications to the engine and 
test cell hardware. These modifications are listed below: 

o The fuel-flow divider valve was modified to phase in 
fuel flow to the airblast secondary nozzles at flows in 
excess of 113 kg/hr. This resulted in taxi-idle opera- 
tion on pilots only. 

o The Model TFE731-2 fuel pump was replaced with a Model 
ATF3-6 pump. This pump had outlet and inlet ports that 
connected to the variable-geometry actuator to supply 
motive pressure. 
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TABLE XIX. CONCEPT 2 ENGINE TEST CONFIGURATIONS. 


Engine 
Test No. 

Modification 

1 

Identical to Rig Test No. 7 

2 

Combustor swirlers were resealed to the dome 
(Repaired damaged seals) 

Removed blockage of combustor inner swirler 

3 

Fuel flow divider cracl; point reset to 113 kg/hr 

4 

80 0.56-cm diameter orifices added to the dilution 
zone 

5 

The pilot nozzles were changed from a flow number 
of 1.0 to 0.7 

The 80 0.56-cm diameter orifices added in the 
previous experiment were enlarged to 0.89 cm 
diameter 

The outer swirlers were changed from a 60 -degree 
vane angle configuration to 45 degrees which 
increased the effective flow area 

The combustor outer diameter was increased to 
improve the seal with the outer transition liner 

6 

The orifices for cooling air for the outer primary 
panel were reduced by one-third 

The dilution zone effective area was increased by 
165 percent by slotting the existing orifices 

7 

The dilution zone area was decreased in order to 
return the combustor pressure drop to five percent 

The primary orifices were reduced in diameter to 
keep the primary zone equivalence ratio the same 
as in the previous configuration 

8 

Blocked half of the primary orifices 

Increased pilot nozzle spray angle 15 degrees to 
85 degrees 

9 

All primary orifices blocked 

Total cooling orifice area of the first and second 
panels were reduced by 50 percent j 

O.D. dilution orifices plunged 
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a. Engine Teat No. 1 - The first engine test (Test No. lA 
and IB) consisted of only low-power conditions to check out the 
engine and all the associated instrumentation and hardware. Tho 
test was interrupted to correct several minor problems, and then 
continued. Figure 54 shows the engine installed in the thrust 
stand with the emission probe in place. A close-up of the Concept 2 
fuel manifolds and actuation system is shown in Figure 55. 

Gaseous emissions data were taken at three power settings; 
taxi-idle, approach, and an intermediate setting. At taxi-idle, 
the run was made with the variable-geometry valves closed and on 
primary fuel only. At approach, seven valve angles were run; 0, 
22.5, 30, 45, 60, 67.5, and 90 degrees. Fuel flow was through both 
circuits with the flow-divider crack point being 113 kg/hr. The 
third power setting run was at approximately 7.1 kN of thrust 
(indicated), and was limited by high engine vibration levels. The 
run was made with the valves at 90 degrees. Following this data 
scan, the valve position potentiometer became defective and would 
not indicate properly. Because of the high engine vibration and 
loss of valve-position indication, a decision was made to shut 
down. 

At taxi-idle, the HC and CO values were 5.4 and 29.1 g/kg 
fuel, respectively (corrected to model pressure) which meets the 
program goals of 6.0 and 30.0 g/kg fuel. However, the fuel/air 
ratio (from emissions) was 0.0121, which is considerably higher 
than the model value of 0.0105, and a richer reaction would tend 
to produce lower levels of pollutants. Because of the high- 
ambient temperature (317 K) , it was not possible to operate the 
engine near the model fuel/air ratio. The effect of ambient 
temperature on turbine engine performance is significant and above 
a certain temperature, the fuel/air ratio is high even when 
operating at reduced thrust levels. It was decided to rerun the 
taxi-idle data at night when the ambient temperature would be 
closer to standard-day conditions. 

At approach, HC increased as the valve was opened from 0 to 
90 degrees (0.1 to 1.5 g/kg fuel). However, there was a step 
increase between the 22.5- and 45-degree position. This same step 
increase appeared for CO, which varied from 3.0 to 21.3 g/kg fuel. 
The NOx showed a reduction of 24 percent from the valve-closed to 
the valve-open position, with a 43- and 327- percent increase in HC 
and CO, respectively, over the same range. The approach data are 
shown in Figures 56 and 57 as a function of valve angle. 

The engine was subsequently run again after the vibration 
problem was corrected as Engine Test No. IB at taxi-idle and a 
data scan made. It was then accelerated to 100-percent available 
power for the prevailing ambient conditions (T2 = 308 K) . The 
valves were opened during acceleration. Following a data scan at 
100-percent power, the engine was decelerated to 90, 75, and 50 
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COEI, g/kg FUEL 




VARIABLE GEOMETRY VALVE 
angle , DEGREES 

Figure 56. Var iation^in^f 




percent, and approach with data scans made at each power setting. 
At approach, four valve settings were evaluated; 90, €0, 30, and 0 
degrees. With the valves at 0 degrees the engine was decelerated 
to taxi-idle and another data scan made. 

The taxi-idle data (corrected to model pressure) from this 
test showed an appreciable increase over the data from Engine 
Test lA, as shown below: 


Taxi-Idle Emissions Indexes 




HC 

CO 

F/A 

^3 



g/kg fuel 

q/kg fuel 

(emissions) 

K 

Engine Test 

lA 

5.2 

29.1 

0.0121 

410 

Engine Test 

IB 

42.9 

72.7 

0.0126 

401 

Engine Test 
(repeat) 

IB 

39.4 

68.8 

0.0115 

407 

Program Goals 


6.0 

30.0 

0.0105 

370 

The similarities 

in fuel/air ratio 

and combustor 

inlet 


temperature would preclude a leaner reaction zone or hotter inlet 
temperature as the reasons for the HC and CO increases. A flow 
check of the pilot nozzles following engine disassembly showed the 
flows to be to specification with acceptable spray qualities. 
Inspection of the combustor interior revealed that two of the 
shimstock seals had been badly damaged, and several others had 
developed minor holes. Figure 58 shows the damaged seals. During 
rig testing, when these seals were installed to prevent air leakage 
between the combustor/swirler interface, the level was reduced by 
approximately 50 percent. 

The data taken at the approach setting would tend to indicate 
that there was a significant change in the combustor operation 
between Engine Test lA and IB. 

Figures 59 and 60 show that the HC and CO levels at approach, 
as a function of valve angle, changed dramatically between Engine 
Test No. lA and IB. The change appeared to begin between the 
22.5- and 45-degree valve angle setting. It was felt that the 
dramatic increase in HC and CO at taxi-idle and approach from the 
two runs was a result of the deterioration of the combustor- 
swirler seals. 

At the high-power setting, the corrected* NO^^ was as follows: 


*The values were corrected as explained in Chapter II, 
Section G.2.b, with a pressure exponent of 0.5. 
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Engine Test No. IB 
Rig Test No. 7 
Program Goals 


Climbout 


Takeoff 


NOx El 
g/kq fuel 

11.6 

12.1 


P/A 

(emissions^ 

0.0152 

0.0146 


NOx El 
g/kq fuel 

12.9 

13.8 

10.0 


P/A 

(emissions) 

0.0156 

0.0151 

0.0154 


In order for rig values to equal the engine values, the cor- 

u® rig-to-engine pressures would be 

0.44 and 0.47 for climbout and takeoff, respectively. 


combustor had been painted with temperature-sensitive 
pint, and Figures 61 and 62 show typical inner and outer panel 

outer panels ran 866 to 950 K over most of the 
spface. The inner panels had two hot spots of 1200 K ; however 
this was considered satisfactory for testing, aSd So 
wall-cooling development was undertaken. 
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b. Engine Performance and Fan-Duet Correlation Test - The 
test engine, S/N 7353, was built with the production combustion 
system and was tested with both the performance and mini-fan duct. 
The mini-fan duct was several feet shorter than the performance 
duct and accepted the variable-geometry actuation system without 
costly modification. The purpose of the test was to determine the 
performance level of the engine, and the magnitude of the perform- 
ance reduction experienced with the mini-fan duct. These data 
were compared with engine test data with the Concept 2 combustion 
system using the mini-fan duct. 

Both configurations were tested at six power settings (taxi- 
idle, 100-, 90-, 75-, 50- and 30-percent power). Performance and 
emissions data were taken at each power setting. With the stan- 
dard performance duct, the engine interstage turbine temperature 
(Tt5) was 0.9 percent higher (at N2//5 « 19,000 rpm) than the pro- 
duction requirements; however, TSPC was 0.2 percent lower than the 
requirements. In addition, the thrust-versus-Nl relationship for 
the engine was nearly the same as the average of 200 production 
engines. Therefore, the performance of this development engine 
was slightly below new production engine specifications, but ade- 
quate for development-test purposes. 

A thrust reduction of 9.4 percent (at « 19,000 rpm) was 
measured with the mini-fan duct compared with the performance fan 
ducts. With the Concept 2 combustor installed in the engine (also 
with mini-fan duct) , a thrust reduction of 11.2 percent was 
recorded at the same N1 speed, compared with the standard fan 
duct. This 1 to 2 percent additional reduction in thrust may have 
been caused by the Concept 2 combustion system and/or instrumenta- 
tion error. Although the Concept 2 pressure losses were equiva- 
lent to current Model TFE731 standard combustors, differences in 
radial temperature profile and resultant changes in turbine 
efficiencies may have caused part of the thrust reduction. 

2, Steady-State Emissions and Performance Testing 

a. Engine Test No. 2 - Following Engine Test No. 1, the 
combustor was removed and the combustor-swirler seals replaced. 
Additionally, the washers that sealed the inner swirlers were 
removed to produce a leaner reaction zone at the high-power set- 
tings. Also, the fuel nozzles were sealed to the inner swirlers 
by the use of a high-temperature silicone rubber compound to 
prevent air leakage in the vicinity of the fuel nozzles. 

This configuration underwent a brief rig test (Rig Test 
No. 8) at only the taxi-idle power setting prior to being 
installed in the engine. 
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The engine was tested for gaseous emissions over the full 
range of operating points. This involved running at the four LTO 
power settings, and five additional points. A 24-point sampling 
probe was used that could sample from two separate circuits of 12 
sample points each. At the LTO power settings, samples were made 
with both 12-point circuits to determine stratification effects of 
the exhaust gases. At the other power settings the two circuits 
were combined, and only one sample from the 24 sample points was 
taken. Smoke measurement tests followed the gaseous emission 
test. Smoke was sampled at six power-setting points from taxi- 
idle to takeoff. Smoke measurements were made through both probe 
circuits for all power settings tested. 

At the approach setting, a series of data points were taken 
at various angle setting of the combustor variable-geometry 
valves. During the gaseous emissions test, emissions were mea- 
sured at valve angles of 0, 30, 60, and 90 degrees. For the smoke 
points only, valve angles of 0 and 90 degrees were set during the 
testing. Samples were taken through both probe circuits for all 
valve angles tested for both gaseous emissions and smoke. 

At the taxi-idle setting (0.89 kN thrust) the following emis- 
sion levels were measured: 


Engine Test No. 2 
Rig Test Mo. 8 
Engine Test No. IB 
Program Goals 


Taxi-Idle Emissions Indexes 


HC 

g/kg fuel 

5.2 

3.3 
42.9 

6.0 


CO 

g/kg fuel 

22.5 

21.9 

72.7 

30.0 


F/A 

(emissions) 

0.0119 

0.0102 

0.0126 

0.0105 


Because of the relatively high ambient temperature (308 K) 
the fuel/air ratio at taxi-idle was above the engine model 288 K 
ambient value. Attempts to further reduce the fuel/air ratio by 
operating at a lower power setting (sub-idle point) actually 
increased the fuel/air ratio slightly. 

At the climbout and takeoff points, the NOx levels were 
essentially unchanged from the Engine Test No. IB configuration, 
as shown below: 



i 

I 
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Cllmbout Takeoff 
NOx El NOx El 

g/kg fuel g/kg fuel 


Engine Test No, 2 11,5 12.7 
Engine Test No. IB 11.6 12.9 
Program Goal - 10.0 


Smoke measurements on the engine gave a smoke number of 25. 
This was well below the program goal of 40. 

Engine Test No. 3 - The purpose of this test was to repeat the 
previous engine test with a colder ambient temperature in order to 
meet the required idle fuel/air ratio. The test configuration was 
identical to that of the previous test with one exception, the 
flow divider had been tested after engine Test No, 2 and found to 
have a crack point of 145 kg/hr, which was higher than desired. 
The crack point was reset to 113 kg/hr. 

The initial testing was limited to the taxi-idle condition 
because of a malfunctioning digital acquisition system. The data 
did indicate that the combustion efficency did not meet the goal, 
and the flow divider was reset to a higher crack point (145 
kg/hr) to ensure no fuel leakage from the secondary circuit. 

The taxi-idle test points were repeated and results very sim- 
ilar to the initial data were obtained. A taxi-idle fuel/air 
ratio near the required value was obtained, because of the lower 
ambient temperature (289 K) and the use of the engine surge valve. 
The surge valve, which bleeds air from the LP compressor to pre- 
vent surge during transients, is normally open at idle and was 
closed during this testing to lower the engine fuel/air ratio. 
The taxi-idle condition results, corrected to standard pres sure , 
were as follows: 


Taxi-Idle Emiss '.ons Indexes 




HC 

g/kg fuel 

CO 

g/kg fuel 

F/A 

(emissions) 

Engine 

(surge 

Test No. 3 
valve open) 

6.9 

25.4 

0.0115 

Engine 

(surge 

Teat No. 2 
valve closed) 

5.2 

22.5 

0.0119 

Engine 

(surge 

Teat No. 3 
valve closed) 

9.8 

30.3 

0.0108 

Program Goals 

6.0 

30.0 

0.0105 
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The results were comparable to Test No. 2 at the higher 
fuel/air ratio. At near the required fuel/air ratio, the CO emis- 
sions were close to the goal, but the HC was above the program 
goal. 


The engine was tested over the entire operating range up to 
takeoff, and the NO values at the high-power points were as fol- 
lows: 


1. Engine Test No. 3 

2. Engine Test No. 2 

3. Program Goals 


Climbout 


Takeoff 


NOjj El 
g/kg fuel 
11.1 
11.5 


F/A 

(emissions ) 

0.0147 

0.0147 

0.0147 


NOjj El P/A 

q/kq fuel (emissions) 

12.4 0.0154 

12.7 0.0154 

10,0 0.0154.- 


c. Engine Test Nc>. 4 - In order to meet the HC goal, it was 
necessary to enrich the reaction zone at taxi-idle. This was 
accomplished by adding orifices to the dilution zone. Eighty 
5.6-mm diameter orifices were added, which increased the total 
effective area of the combustor by 116 mm2. The additional ori- 
fices increased the calculated reaction zone fuel/air ratio by 
10 percent at taxi-idle. 

The engine was tested over the entire operating range using 
the 24-point sampling probe. Sub-idle and rich-idle points were 
not tested and smoke was not measured, but tests were made at the 
taxi-idle point both with and without the compressor surge valve 
open. 


At the taxi-idle point, the HC and CO emission levels were as 
shown below: 


Taxi-Idle Emissions 

Indexes 

HC CO 

q/kg fuel q/kg fuel 

F/A 

(emission) 


Engine Test No. 4, 

10.6 

32.4 

0.0106 

Engine Test No. 3, 

9.8 

30.3 

0.0108 

Program Goals 

6.0 

30.0 

0.0105 


The data indicated an increase in HC and CO levels from the 
previous test, even though the dilution-zone area had been 
increased by 29 percent. 
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A tear down inspection revealed that the combustor O.D. was 
undersized by 1.2 mm, which would have produced a leak path for 
the combustor air. However, this should have produced lower HC 
and CO levels, not higher. 

The fuel nozzles were flow checked and the difference between 
maximum and minimum flow rates was found to be 20 percent of the 
maximum flow rate. This was considerably above the allowable var- 
iation of 10 percent. Additionally, a slight amount of streaking 
was observed on several of the nozzles. 

d. Engine Test No. 5 - The following modifications were 
made in the varlable^geometry combustion system for the Engine 
Test No. 5 configuration: 

o The pilot nozzle tips were changed from a flow number of 
1.0 to 0.7 to improve atomization at taxi-idle. 

o The dilution orifices were enlarged from 5.6- to 8.9-mm 
diameter, which increased the dilution area 40 percent. 

o The outer swirlers (60-degree vanes) were replaced by 

increased airflow swirlers (45-degree vanes) to 

maintain the existing primary-zone equivalence ratio at 
high-power settings. The change in vane angle was 
required to increase the swirler effective area. 

o The combustor outer diameter was increased for a better 
seal with the outer transition liner to minimize air 
leakage. 

The engine was tested over the entire operating range, 
including sub- and rich-approach with the combustor valves being 
cycled from 0 to 90 degrees open. Smoke was also measured. 

At the taxi-idle point, the HC and CO emission levels were as 
shown in the following table: 



Taxi-ldl 

e Emissions 

Indexes 


HC 

3/ kg. -fail 

CO 

g/kg fuel , 

F/A 

(emissions) 

Engine Test No. 5, 0.8-^ cm 
diameter dilution orifices 

6.5 

35.9 

0.0106 

Engine Test No. 4, 0.56 cm 
diameter dilution orifices 

10.6 

32.4 

0.0106 

Engine Test No, 3, no 
additional dilution 
orifices 

9.8 

30.3 

0.0108 

Program Goals 

6.0 

30.0 

0.0105 
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A reduction in HC emissions was achieved, but CO, NOx» and 
smoke emissions increased. Raising the primary-zone equivalence 
ratio and improving the atomization were the probable reasons for 
the improvement in HC emissions. 

The increase in CO emissions was attributed to inadequate 
sealing between the combustor and switlerj raising the equivalence 
ratio by decreasing the primary-zone airflow (and therefore 
increasing the residence time) should not have increased CO 
levels. The sensitivity of the CO emissions levels to quenching 
by air leaking around the swirlers was evidenced by an increase in 
the CO index at taxi-idle from 36 to 42 g/kg fuel in a second data 
point taken after the seals were damaged by running at takeoff 
power . 

The primary-zone equivalence ratio at takeoff (0.4) was the 
same for Engine Test No. 5 as for the baseline test on Engine Test 
NO. 3 because of the increased airflow through the 45-degree 
swirlers. Therefore, the increased NOx 3nd smoke number are 
attributed to the 45-degree swirl produced by the new swirlers. 

The combustor had been painted with temperature-sensitive 
paint, and was 978 K or less on the outer liner and most of the 
inner liner. Near the inner primary orifices, 1200 K hot spots 
did appear, probably due to flameholding near the primary jets. 

e. Engine Test No. 6 - The following modifications were 
made in the variable-geometry combustion system prior to Engine 
Test No. 6. 

o The combustor swirlers were more securely attached to 
the combustor dome to prevent seal leakage and/or loss. 

o The cooling on the outer liner first skirt was reduced 
by one-third to increase efficiency at taxi-idle. 

o The dilution-zone area was increased further by slotting 
the orifices to enrich the primary zone — again to 
increase efficiency at taxi-idle. The dilution-zone- 
effective area was increased by 165 percent. 

The engine was tested at rich and normal taxi-idle, and was 
terminated because of high CO values. The results are shown 
below; 
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Taxi-Idle Emissions 

Indexes 

HC CO 

g/kg fuel g/kg fuel 

F/A 

(emissions) 


Engine Test No. 6 
slotted dilution 

2.7 

53.1 

0.0104 


zone 




• 

Engine Test No. 5 
0.89 cm dilution 
orifices 

6.5 

35.9 

0.0106 


Program Goals 

6.0 

30.0 

0.0105 



The increase in CO could have been caused by the reduced 
pressure drop (3.5 percent) of the Engine Test No. 6 configura- 
tion, compared with the Engine Test No. 5 configuration (4.5 per- 
cent, calculated). However, the HC emissions would also have been 
adversely affected by a lower pressure drop and less mixing, but 
were not. Another possible explanation is that enriching the pri- 
mary zone had increased the thermal loading on the high temper- 
ature silicone rubber compound and shim stock sealing the swirler 
to the combustor. This may have caused the silicone rubber com- 
pound to be destroyed more rapidly than in previous tests, and the 
seals would have begun to leak shortly after light-off. During 
teardown following the test, it was found that the seals had been 
destroyed on several swirlers, which had not been observed on pre- 
vious taxi- idle only tests. The HC emissions should also have 
been increased if the seals were inadequate, but previous tests 
have shown that HC emissions are less sensitive than CO to airflow 
leakage around the swirler. 

f. Engine Test No. 7 - The following modifications were 
made in the variable-geometry combustion system prior to Engine 
Test No. 7. 

o The dilution area was decreased in order to return the 
combustor pressure drop to 5 percent. 

o The primary orifices were decreased to 3.2-mm diameter 
to maintain the primary-zone equivalence ratio at 0.8, 
and reduce quenching due to the primary jets. 

The engine was tested from taxi-idle to rich approach. No 
further testing was done because digital data acquisition and 
hardware problems delayed the test until the ambient temperature 
was too high to obtain the model fuel/air ratio at taxi-idle. 
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Taxi- 

Idle Emissions 

Indexes 

Engine Test No. 7 
reduced primary 
orifices 

HC 

g/kg fuel 
3.0 

CO 

q/kg fuel 
35.1 

17a 

(emissions) 

0.0102 

Engine Test No. 6 
slotted dilution 
zone 

2.7 

53.1 

0.0104 

Engine Test No. 5 
0.89-cm diameter 
dilution orifices 

6.5 

35.9 

0.0106 

Program Goals 

6.0 

30.0 

0.0105 


The HC index remained near the low value achieved in the 
prior test and the CO level returned to the lower levels achieved 
in previous tests (35.1-g/kg fuel at taxi-idle). Reducing the 
primary orifice diameter was ineffective in controlling quenching 
of CO. A probable reason is that the reaction could have been 
occurring near the liner walls, and the 2.5-cm penetration (cal- 
culated) of the primary jets was still sufficient to cause quench- 
ing. 


g. Engine Test No. 8 - A detailed review showed that the 
Phase III airblast fuel nozzles had a fuel spray cone angle 
15 degrees narrower than that of the Phase II pressure atomizers. 
The angle was measured under simulated taxi-idle conditions. Fuel 
nozzle spray angle can have a significant effect on emissions if 
the fuel droplets are not so small that they simply follow the 
airflow. The piloted airblast nozzles were sent back to Delavan, 
and the spray angle was increased by 20 degrees (to 85 degrees) by 
increasing the spray angle of the pilot nozzle tip and enlarging 
the nozzle-swirler discharge area. In addition, the primary 
orifices in between the swirlers were removed in order to reduce 
quenching of the taxi-idle reaction. 


The engine was tested from taxi-idle to approach with the 
swirler valves closed, and from sub-approach to takeoff with the 
valves fully open. The taxi-idle results are given below; 


Engine Test No. 8 
Engine Test No. 7 
Program Goals 


Taxi-Idle Emissions Indexes 
HC CO f/a 

g/kq fuel g/kg fuel ( emissions) 


1.9 33.7 0.0105 

3.0 35.1 0.0102 

6.0 30 0.0105 
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The CO index at taxi~idle was ceduced to very close to the 
goals, but the CO index at approach (18.4 g/kg fuel) increased 
substantially above previous test results (8.0 g/kg fuel). The 
EPAP's calculated from the test data are given below. As shown, 
the CO EPAP is not close to the goals in spite of the low values at 
taxi-idle. 

EPAP 

(lb/1000 lb thrust-hr/cycle) 


Engine Test No. 8 

HC 

0.5 

CO 

11.3 

NOx 

3.9 

Program Goals 

1.6 

9.4 

3.7 


Because of the increased CO at approach, the taxi-idle CO 
emissions must be reduced to below the previous goal of 30 g/kg 
fuel in order to meet the required EPAP. 

The effect of removing half of the primary orifices should 
have been to increase NOx emissions due to increased residence 
time. However, improved fuel-air mixing caused by the larger fuel- 
nozzle spray angle was more dominant, and NOx therefore decreased. 
The NOx EPAP of 3.9 (see above) was one of the lowest achieved in 
Phase III. The measured smoke number of 30 was much improved over 
previous results, and was also probably due to the larger fuel- 
nozzle spray angle. 

Liner temperatures were determined subsequent to the engine 
test to be generally below 980 K, with some hot regions (1090 K) on 
the inner liner near the primary orifices. 

h. Engine Test No. 9 - The following modifications were 
made to reduce CO quenching in the combustor prior to Engine Test 
No. 9: 

o The primary orifices were completely blocked 

o Half of the cooling airflow was removed from the first 
and second panels on both the inner and outer liners 

o The outer rows of dilution orifices were changed from 
flush to plunged by the insertion of grommets in order 
to minimize the distance that the jets travel upstream 
toward the primary zone. 

The combustor was also instrumented with 14 thermocouples to 
supplement the temperature-sensitive paint to measure liner tem- 
peratures. 
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Taxi- 

Idle Emissions 

Indexes 


HC 

g/kg fuel 

CO 

g/kg fuel 

P/A 

(emissions) 

Engine Test No. 9 

0.3 

28.3 

0.0105 

Engine Test No. 8 

1.9 

33.7 

0.0105 

Program Goals 

6.0 

30 

0.0105 


The CO level at taxi-idle was reduced sufficiently so that 
the CO EPAP goal was achieved in spite of a further increase in the 
CO level at approach (22 g/kg fuel). The EPAP's calculated for 
this test are given below: 


Engine Test No. $ 
Engine Test No. 8 
Program Goals 


EPAP 


(lb/1000 

lb thrust-hr/cycl 

HC 

CO 

NOx 

0.2 

9.2 

5.06 

0.5 

11.3 

3.9 

1.6 

9.4 

3.7 


The removal of all of the primary orifices decreased 
quenching at the taxi-idle mode, but it also lengthened the resi- 
dence time at the takeoff mode. The increase in reaction time was 
sufficient to increase the NOx emissions from the previous level 
(an EPAP of 3.9) which was near the goal to a level comparable to 
that of production engines (an EPAP of 5.06) in spite of the lean 
primary zone at takeoff. 


The reduction in cooling airflow produced numerous hot 
regions (1090 K) on the inner liner on the first and second 
panels. The thermocouples recorded a peak temperature of 1138 K 
on the inner liner. The outer liner was below 980 K on the major- 
ity, of the liner surfaces. 

The reduction in quenching lowered the smoke emissions to 
22.5, significantly below the visability limits (40). 
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3. Acceleration and Deceleration Testing 

Two Concept 2 combustion system configurations underwent 
acceleration and deceleration testing — Engine Tests No. 2 and 
No. 5. The procedure for these tests is fully described in 
Chapter ll. Section F.2. 

a. Engine Test No. 2 - The acceleration test was performed 
from the taxi- idle point and also from the 15-percent power point 
(as required by the PAA) . In both cases the variable-geometry 
valves were cycled manually from closed to open at approximately 
the approach thrust level (30-percent thrust) . There is a 
5-second acceleration time limit when starting from 15-percent 
speed and the engine met this requirement. 

The engine also met the 7-second deceleration requirement. 
The variable-geometry valves were manually cycled from open to 
closed as the engine passed through the approach thrust level. 

b. Engine Test No, 5 - The test procedures and results were 
identical to the previous results. The engine met the 5-second 
acceleration requirements when accelerated from the 15-percent 
power point. The 7-second deceleration requirement was also met. 

D. ASSESSMENT OF EMISSIONS RESULTS 

Significant reductions in combustion-chamber emission levels 
were demonstrated during Phase III. The majority of the Concept 2 
results were attained under actual engine tests, and the Concept 3 
results were measured entirely during rig tests. The emissions 
reductions were, in both cases, attained without the loss of com- 
bustor performance; but both concepts do represent an increase in 
the degree of complexity over the present Model TPE731-2 produc- 
tion combustion system. 

1. Concept 2 - The first two engine tests were run with 
high ambient temperatures, which resulted in the taxi-idle points 
being run at fuel/air ratios that were considerably higher than 
the engine model. The HC and CO levels were quite low, and it was 
originally felt that, although the low-power emissions would 
increase somewhat with decreasing fuel/air ratio, they would still 
be below the program goals. This did not prove to be the case. 
Engine Test No. 3 was the first configuration to run at the proper 
taxi-idle fuel/air ratio, and this produced EPAP’s as shown below; 

EPAP 



(lb/1000 

lb thrust-hr/cycle) 

SAE 


HC 

CO 

52x 

Smoke 

Engine Test No. 3 

2.58 

8.72 

4.17 

25 

Prograun Goals 

1.6 

9.4 

3.7 

40 
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Subsequent modifications, as listed in Table XX, were made 
to enrich the primary zone and consequently reduce HC emissions by 
enlarging the dilution area. Other modifications to reduce HC 
emissions incorporated improvements in the pilot-nozzle atomiza- 
tion and a reduction in the airflow on one primary cooling panel. 
During the testing of these modifications in Engine Tests No. 4, 
5, and 6, the CO was found to be high. The primary orifices were 
reduced and finally eliminated to lessen CO quenching during the 
subsequent engine tests. In addition, the fuel-nozzle spray angle 
was increased 15 degrees in Engine Test No. 8 to improve effic- 
iency, and all cooling in the primary zone was reduced by one-half 
to further reduce CO quenching in Engine Test No. 9. The elimin- 
ation of all primary orifices to reduce CO emissions was the cause 
for the increased NOx levels in Engine Test No. 9. This configur- 
ation met the goals for HC, CO, and smoke, but was high on NOx* 


TABLE XX. EFFECTS OF ENGINE MODIFICATIONS ON THE EPA PARAMETERS 


Engine 


(lb/1000 lb thrust-hr/cycle) 


St No. 

HC 

CO 

N°X 

4.2 

Smoke 

3 (Baseline) 

2.6 

8.7 

25 

4 

2.8 

9.2 

4.1 

— 

5 

1.7 

10.9 

4.3 

44 


Tested at. taxi-idle only 
Tested at taxi-idle only 


8 

0.5 

11.3 

3.9 

30 

9 

0.2 

9.2 

5.1 

22.5 

Program Goals 

1.6 

9.4 

3.7 

40.0 


2. Concept 3 - Emissions levels below the goals were demon- 
strated in Phase III with a staged combustion system much less 
complex than the premix designs of Phases I_and II. The reduc- 
tions in NOx emissions were not as high as achieved in Phase II 
because of the elimination of the premixing; however, the 
phase III NOx levels were within the goals of the program. The 
Test 3 Phase III results are compared to the best results of 
Phase I and II below. The rig results were adjusted by the pro- 
cedures outlined in Chapter II. 
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EPAP 

(lb/1000 lb thrust-hr /cycle) 


Concept 3 Configurations 


Pollutant 

Program 

Goal 

Phase I 

Phase II 

Phase III 
Air-Assist 

Phase 
No Air-, 

HC 

1.6 

0.5 

0.6 

0.5 

tn 

• 

o 

CO 

9.4 

CO 

to 

7.6 

8.2 

8.2 


to 

• 

CM 

2.9 

3.5 

to 

GO 


The Phase III results are presented with and without 345 kPa 
air-assist differential pressure and with 80-percent main stage 
fuel flow at takeoff and climbout (the 80-percent main stage fuel 
flow at climbout was not run without air assist, but was estimated 
oy similar data at takeoff) . The main stage fuel flow was 1-per- 
cent of the total at the approach condition. No air assist was 
necessary at taxi-idle. The SAE smoke number was 9.5 measured at 
one-third of the engine pressure at the climbout condition, and 14 
at the approach condition at actual engine pressure with 10 per- 
cent main fuel flow. It is believed that the smoke goal of 40 was 
attained at the climbout condition, but only a test at full engine 
pressure could verify this. 

Rapid engine acceleration would probably require a full main 
stage fuel manifold at the approach condition. The maximum main 
stage fuel flow that could be staged at approach while maintaining 
low CO levels was 1 percent of the total fuel flow. If staging of 
this amount is found to be impractical, integral pressurizing 
valves could be used to fill the main-stage manifold at approach 
or lower power settings. 

The amount of fuel-air mixing achieved in the main stage with 
pressure atomizers was not adequate to meet the NOx requirement 
without the use of air assist. However, it is believed that air- 
blast nozzles used in the main stage would eliminate the need for 
air assist. The staged configuration that would give the best 
emissions results would be the same as the Test No. 3 con- 
figuration, except dual-orifice pressure atomizers would be 
required in the pilot zone and airblast nozzles in the main stage. 
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CHAPTER IV 
CONCLUDING REMARKS 

The results contained in this report document the activity 
conducted under the third phase o£ a three-phase program entitled 
Pollution Reduction Technology Program for Small Jet Aircraft 
Engines (Class Tl) . The overall objective of this program was to 
identify, develop, and demonstrate techniques capable of reducing 
emissions of unburned hydrocarbons, carbon monoxide, oxides of 
nitrogen, and smoke to levels below the standards which had been 
proposed for implementation in 1979 by the Environmental Protec- 
tion Agency. The EPA standards were subsequently amended for Tl 
class engines, however, the emissions levels originally proposed by 
the EPA remained as goals for this program. The combustion system 
from the AiResearch Model TFE731-2 Turbofan Engine was the base- 
line design for the program effort. The constraints placed upon 
the designs were that emissions reductions be obtained with no 
deterioration in combustion performance or durability levels, and 
with no changes to the engine envelope. 

The Phase I program identified three conceptual approaches 
that involved increasing degrees of developmental complexity 
towards meeting the emissions goals. These approaches included 
advanced modifications to the existing Model TFE731-2 combustion 
system, a variable-geometry combustion system using airblast fuel 
injectors, and a premix/prevaporization combustion system with 
axially-staged fuel injection (identified as Concepts 1, 2, and 3, 
respectively) . Combustion rig screening testing was conducted in 
Phase I to narrow down the candidate approaches to the best two. 
The Concept 2 variable-geometry system and Concept 3 premix/ 
prevaporization systems were chosen to undergo further combustion 
rig development in Phase II. Phase I testing revealed that for 
Concept 2 at least two-position variable airflow to the fuel noz- 
zle air swirlers was necessary to meet all emissions levels. 

The purpose of Phase II testing was to develop the selected 
combustion systems through iterative rig testing to obtain combus- 
tion hardware, operation and performance that were compatible with 
the TFE731-2 engine. In addition, two engine tests with rig- 
adapted hardware were provisioned for the purpose of obtaining 
engine-to-test rig emissions correlations. During Phase II one 
combustion system, the Concept 2 variable-geometry system, was 
identified as having the most potential for meeting the program 
goals in a time-effective manner in that it would require the 
least amount of development to ensure engine geometric and opera- 
tional compatibility. The development of the variable-airflow 
system continued in Phase II. Test results indicated that all 
emissions were close to the program goals. 
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The Phase III program involved engine testing of the Con- 
cept 2 variable geometry design. The system was engine tested at 
various power settings from taxi-idle to takeoff under steady- 
state conditions and emissions and engine performance data were 
taken. Additionally, acceleration and deceleration tests were 
made to check conformance with FAA requirements. Prior to the 
engine tests, the system underwent limited rig testing to check 
performance compatibility with engine requirements. In addition. 
Concept 3, the axial staged fuel injection system also underwent 
limited rig testing. 

The Concept 2 design produced engine test results which met 
the HC, CO and smoke goals but failed to meet the NOx goal. In 
terms of engine performance, this system was considered compatible 
with the TFE731 engine and demonstrated satisfactory acceleration 
and deceleration characteristics, however, the combustion liner 
would require additional development to match the durability 
(life) of the present production combustor. 

The test results demonstrated the feasibility of variable 
geometry devices to control the reaction zone equivalence ratio as 
a means of limiting emissions levels. The test data also indicated 
the sensitivity of the system to the fuel injector design and to 
the interface between the fuel injectors and the combustor. Small 
amounts of air leakage in the vicinity of the fuel injectors dis- 
charge produced order -of-magnitude increases in the HC and CO 
emission indices at the taxi-idle power settings. To a lesser 
degree, pollutant formation was also sensitive to spray quality. 
Limitations in the Concept 2 hardware prevented a totally satis- 
factory solution to the air-leakage problem and, although improve- 
ments were made with the fuel injectors, additional development 
could have produced further reductions in taxi-idle emission 
levels. Therefore, it was necessary to richen the reaction zone 
in order to meet the taxi-idle emission goals. However, this also 
produced a richer reaction zone at the high power setting which 
could not be compensated for by the available variable geometry 
hardware. This resulted in NOx levels which exceeded the program 
goals. 

It is recommended that for further variable geometry combus- 
tion system development the dome air swirlers be permanently 
attached to the dome and all air leak paths sealed. The fuel noz- 
zles should also have a positive seal at the interface with the 
dome swirlers. Such devices as piston rings could be used which 
would allow for assembly tolerances and thermal expansion during 
operation. It is also recommended that, in addition to the 
swirler airflow, the combustor dilution air or the primary zone 
cooing airflow be controlled by variable geometry. This would 
allow a greater difference between the combustor primary zone 
equivalence ratios at taxi-idle and takeoff conditions and the 
attainment of a more nearly optimum equivalence ratio at each 
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power setting. Also, quenching of the reaction at taxi-idle, due 
to increases in cooling airflow caused by the closing of the 
swirler valves, would be reduced. With these modifications, 
together with properly developed fuel injectors, it would be pos- 
sible to meet the program taxi-idle CO and HC emissions goals with 
a somewhat leaner reaction zone, as has been demonstrated in pre- 
vious phases. A greater contrast between low-power and high-power 
reaction-zone airflows would strongly enhance the probability of 
meeting the program NOx emissions goals. 
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APPENDIX A 

COMBUSTOR HOLE PATTERNS 



OUTER LINER 



AIRFLOW, PERCENT OP INLET 


ROW 

TYPE OP 

NUMBER OF 

DIAMETER 

TOTAL 

CON 

FIGURATIO 

1 

NUMBER 

ORIFICE 

ORIFICES 

cm 

AREA, cm2 

A 

B 

C 

7 

Cooling 

120 

0.267 

6,7 

4.5 

- 2.6 

2.5 

8 

Primary 

40 

0.635 

12.7 

9.3 

5.4 

5.2 

9 

Cooling 

120 

0.206 

4.0 

2.75 

1.6 

1.5 

10 

Cooling 

120 

0.16 

2.4 

1.7 

1,0 

0.9 

11 

Dilution 

— 

— 

— 

” 

— 

— 

12 

Dilution 

40 

0.932 

27,3 1 

20.3 

12.2 

11.8 

13 

Cooling 

120 

0.16 

2.4 

1.7 

1.0 

1.0 


2 2 

A 3551852-1 swirlers closed, 13.3 cm , 7.41 airflow, alrblast nozzles 11.6 cm , 6.9% 
airflow. 

B 3551852-1 swirlers 45* open, 121.2 cm^, 47.2% airflow, airblaat nozzles 11.6 cm^, 
4.5% airflow. 

2 2 
C 3551852-1 swirlers 90* open, 129.7 cm , 49.25% airflow, airblaat nozzles 11.6 cm , 

4.4% airflow, ^4 3 2^ ^ 


10 » • ’ 

Pigute h-l. Combustor Orifice Pattern, Concept 2, RI 9 Tests 1, 2, 3, and 4. 
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OUTER LINER 


ROW 

NUMBER 

TYPE OP 
ORIFICE 

NUMBER OP 
ORIFICES 

DIAMETER, 

cm 

GEOMETRIC AREA, 
cm2 

AIRFLOW, PERCENT OP INLET 
CONFIGURATION 
A 

1 

Cooling 

180 

0.267 

6.7 

e.o 

2 

Primary 

40 

0.635 

12.7 

10.45 

3 

Cooling 

180 

0.206 

1 6.0 

4.6 

4 

Cooling 

160 

0.16 

! 3.6 

2.7 

5 

Dilution 

— 




6 

Dilution 

1 40 

0.932 

27.3 

* 22.0 


INNER LIHSR 


ROW 

NUMBER 

TYPE OP 
ORIFICE 

NUMBER OF 
ORIFICES 

DIAMETER, 

cm 

GEOMETRIC AREA, 
cm2 

AIRFLOW, PERCENT OP INLET 
CONFIGURATION 
A 

7 

Cooling 

120 

0,267 

6.7 

4.8 

8 

Primary 

40 

0.635 

12.7 

10.0 

9 

Cooling 

120 

0.206 

4.0 

3.0 

10 

Cooling 

120 

0.16 

2.4 

1.8 

a 

1 Dilution 

— 


... 


12 

Dilution 

40 

0.932 

27.3 

21.8 

13 

Cooling 

120 

0.16 

! 2.4 

1.8 


A 35518S2-1 swirlera closed 13.3cm^, 7.91 airflow, aitblast noziles completely blocked. 



Figure A-3, Combustor Orifirs Pattern, Concept 2, Rig Test No. 6. 
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OUTBR 

LINER 

DIAM£TEK, 

GBOHBTRIC AREA, 

cm 

CH)2 


Cooling 

PclniAcy 

Cooling 

Cooling 

Dilution 

Dilution 




TYPE OP 

NUMBER OP 

DIAMETER, 

■ — — 

GEOMETRIC AREA, 

AIRFLOW, PERCENT OF INLET 
CONFIGURATION 

ORIFICE 

ORIFICES 

cm 

cro^ 

.i 

B 

Cooling 

120 

0,267 

6.7 

4.0 

2.4 

Primary 

40 

0.635 

12,7 

8.5 

4.9 

Cooling 

120 

0.206 

4.0 

2.5 

1.4 

Cooling 

120 

0.16 

2.4 

1.5 

0.9 

Dilution 

40 

0,559 

9.8 

4.4 

2.7 

Dilution 

40 

0.932 

27.3 

18.7 

11,1 

Cooling 

120 

0.16 

2.4 

1.5 

0.9 


A 3551852-1 swirlers closed 13.3 cm^ 6.91 airflow, dirblast nozzles, 9.8 cro^, 5,5% airflow 
B 3551852-1 swirlers 90* open 129.7 47,61 airflow. alrblaat nozzles, 9,8 cm^, 3.6% airflow 





Fi9ut« A-6. Conbuatot Otific* Patttrn, Conc.pt 2, Engine T*»t No. 4. 
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OUTSR LINER 


TYPE OF 

NUMBER OF 

DIAMETER, 

GEOMETRIC AREA, 

ORIFICE 

ORIFICES 

cm 

cm2 


cooling 

Primacy 

Cooling 

Cooling 

Dilution 

Dilution 


AIRFLOW, PERCENT OP INLET 
CONFIGURATION 


6.0 

2 

.95 

7.9 

3 

.75 

3.4 

1 

.55 

2.0 

■ 

.9 

10.4 


.3 

15.9 

H 

.9 


TYPE OF 
ORIFICE 


cooling 

Primary 

Cooling 

Cooling 

Dilution 

Dilution 

Cooling 


NUMBER OF 
ORIFICES 


DIAMETER 

cm 


GEOMETRIC AREA, 
cm2 


AIRFLOW, PERCENT OF INLET 
CONFIGURATION 


A 3S51852-2 swirlera closed 13.3 cm*, 6.2% airflow, airblast nottles, 9.6 cm*, 4.9% airflow 
B 3551852-2 30* open, 146.6 cm^, 49.0% airflow, airblast nozzles, 9.8 cm^, 3.3% airflow 
C 3551852-2 60* open, 160.4 cm^ 51.9% airflow, airblast nozzles, 9.6 cm^, 3.2% airflow 
D 3551852-2 90* open, 188.3 cm^, 54.8% airflow, airblast nozzles, 9.8 cm^, 3.1% airflow 
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Figure A-7. Combustor Orifice Pattern, Concept 2, Engine Test No. 5. 


























TYPE C? 
ORIFICE 


NUMBER OF 
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cm 


CooUag 

120 

Primary 

40 

Cooling 

180 

Cooling 

180 

Dilution 

40 

Dilution 

40 


TYPE OF 
ORIFICE 

NUMBER OP 
ORIFICES 

Cooling 

120 

Primary 

4u 

Cooling 

120 

Cooling 

120 

Dilution 

40 

Dilution 

40 

Cooling 

120 



AIRFLOW, PERCENT OF INLET 
CONFIGURATION 

GEOMETRIC AREA, 
cm2 

A 


INNER LINER 


GEOMETRIC AREA, 
cm2 


AIRFLOW, PE*XENT OP INLET 
CONFIGURATION 
A 

























TYPE OP 
ORIFICE 


Cooling 

Primary 

Cooling 

Cooling 

Dilution 

Dilution 


NUMBER OF 
OR I PICES 


DIAMETER, 

cm 


GEOMETRIC AREA, 

cm2 


AIRFLOW, PERCENT OF INLET 
CONFIGURATION 
A 


TYPE OP 
ORIFICE 

NUMBER OF 
ORIFICES 

DIAMETER, 

cm 

Cooling 

120 

0.267 

Primary 

40 

0.3175 

Cooling 

120 

0.206 

Cooling 

120 

0.16 

Dilution 

40 

0.81 

Dilution 

40 

1.13 

Cooling 

120 

0.16 


GEOMETRIC AREA, 

cm2 


AIRFLOW, PERCENT OF INLET 
CONFIGURATION 
A 


3551852-2 swirlers closed, 13.3 cm^, 7.151 airflow alrblast nozzles 9.8 cm , 5.6% airflow 
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Figure A-9. Combustor Orifice Pattern, Concept 2, Engine Test No. 7. 

























OUTER LINER 


ROW 

NUMBER 

TyPE OF 
ORIFICE 

NUMBER OP 
ORIFICES 

DIAMETER, 

cm 

GEOMETRIC AREA, 

cm2 

AIRFLOW, PERCENT OP INLET 
CONFIGURATION 

A 

B 

1 

Cooling 

120 

0.26? 

6.7 

4.8 

1.9 

2 

Primary 

20 

0.3175 

1.6 

1.2 

0.5 

3 

Cooling 

ISO 

0.206 

6.0 

4.3 

1.6 

4 

Cooling 

180 

0.16 

3.6 

2.6 

0.9 

5 

Dilution 

40 

1.13 

40.1 

1 20.4 

8.5 

6 

Dilution 

40 

0.8S 

22.75 

11.0 

4.0 


INNER LINER 


ROW 

NUMBER 

TYPE OP 
ORIFICE 

NUMBER OP 
ORIFICES 

DIAMETER, 

cm 

GEOMETRIC AREA, 
cm2 

f AIRFLOW, PERCENT OF INLET 
CONFIGURATION 

A 

B 

7 

Cooling 

120 

0.267 

6.7 

4.4 

2.1 

8 

Primary 

20 

0.3175 

1.6 

1.1 

0. 5 

9 

Cooling 

120 

0.206 

4.0 

2.7 

1.2 

10 

Cooling 

120 

0.16 

2.4 

1.6 

0.7 

11 

Dilution 

40 

0.81 

20.7 

10.1 

4.8 

12 

Dilution 

40 

1.13 

40.1 

1 

19.9 

1 9.7 

13 

Cooling 

120 

0.16 

2.4 

1.6 

0.8 


A 3551852-2 swltlers closed, 13.3 cm^ 7.3* airflow, alrblast nozzles 9,8 cm^ 5.75% airflow 
B 3551852-2 switlets open, 174.9 58.35* elrflow, alrblast nozzle 9.8 era^ 3.3* airflow 



Figure A-10. Combustor Orifice mtern. Concept 2, Enalne Test No. 8. 
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OUTSR LINER 


ROW 

NUMBER 

TYPE OP 
ORIFICE 

NUMBER OF 
ORIFICES 

diameter, 

cm 

GEOMETRIC AREA, 
cm2 

AIRFLOW, PERCENT OP INLET 
CONFIGURATION 

A 

B ^ 

C 

D 

1 

Cooling 

90 

0.267 

, 3.35 

4.0 

1.75 

1.6 

1.5 

2 

Primary 

— 

— 

— 

— 

— 

— 

* " 

3 

Cooling 

90 

0.206 

3.0 

2.3 

1.0 

0.9 

OiO 

4 

Cooling 

160 

0.16 

3.6 

2.8 

1.15 

1.1 

1 

1.0 

5 

Dilution 

40 

0.71 

15.9 ' 

12.45 

5.5 

5.15 ' 

4.8 

6 

Dilution 

40 

0.94 

27.75 

22.8 

p.0.6 

9.9 

9.15 


INNER LINER 


ROW 

NUMBER 

TYPE OP 
ORIFICE 

NUMBER OP 
ORIFICES 

DIAMETER, 

cm 

GEOMETRIC AREA, 
cm2 

AIRFLOW, PERCENT OF INLET 
CONFIGURATION 

A 

B 

C 

D 

7 

Cooling 

120 

0.267 

6.7 

2.^ 

1.2 

1,15 

1.1 

8 

Primary 


— 

— 



"" 


9 

Cooling 

120 

Q.206 

4.0 

1.45 

0.7 

0.7 

0.6 

10 

Cooling 

120 

0.16 

2.4 

1.6 

0,9 

0.8 

0.8 

11 

Dilution 

40 

0.81 

20.7 

11.05 

5.6 

5.3 

5.0 

12 

Dilution 

40 

1.13 

40.1 

21.75 

11.4 

10.8 

10.15 

13 

Cooling 

120 

0.16 

2.4 

1.8 1 

1.9 : 

0.9 1 

0.8 


A 3551852-2 
B 3551852-2 
C 3551852-2 
D 3551852-2 



*wirler» closed 13.3 cm^, 7.85% airflow, aicblast nozzles 9.8 cro^, 6.2% airflow 
30® open, 146.6 cm^, 54.3% airflow, airblast nozzles 9.8 cm*', 3.6% airflow 
60® open, 160.4 cm^ 57% airflow, airblast nozzles 9.8 cm^, 3.5% airflow 
90® open, 188.3 cm^, 59.75% airflow, airblast nozzles 9.8 cm^, 3.4% airflow 


Figure A-11. Combustor Orifice Pattern, Concept 2, Engine Test No. 9. 
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TEST 2 
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A 

B 
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